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FURTHER  MEASUREMENTS  OF  THE  COEFFICIENT  OF 
LINEAR  EXPANSION  AT  LOW  TEMPERATURES. 

By  Herbert  G.  Dorsey. 

IN. the  previous  paper*  were  given  data  and  curves  for  twelve  dif- 
ferent substances.  In  continuing  the  work  a  slight  modifica- 
tion of  the  light  arrangement  has  been  made,  which  is  more  satis- 
factory and  less  liable  to  get  out  of  adjustment.  With  the  excep- 
tion of  the  mercury  vapor  lamp  the  entire  light  apparatus  is  carried 
by  an  optical  bench  and  the  path  of  the  light  rays  is  entirely  in  a 
vertical  plane. 

V 

Hi. 


Fig.   1. 

Starting  from  the  source  A,  Fig.  i,  the  light  passes  through  a 
short,  narrow,  horizontal  slit  into  the  collimator  of  an  old  spectro- 
photometer and  is  rendered  parallel  by  the  lens  B,  It  then  passes 
through  the  train  of  prisms  C  and  is  focused  by  the  lens  D  upon 
the  slit  V.     The  collimator  being  hinged  at  the  end  B  it '  is  only 

»  Phys  Rev.,  Vol.  XXV.,  August,  1907. 
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necessary  to  raise  or  lower  it  to  get  the  desired  spectral  band  at  V, 
The  green  line  is  used  and  the  same  Cooper-Hewitt  lamp  has  now 
been  used  for  three  years,  and  although  the  tube  is  becoming 
slightly  blackened,  the  light  seems  as  pure  as  at  first  and  is  entirely 
satisfactory.  Some  time  was  devoted  to  a  cadmium  lamp,  but  so 
far  it  has  seemed  advisable  to  adhere  to  the  mercury  vapor  arc. 

After  leaving  the  slit  V  the  green  light  is  reflected  vertically 
downward  by  the  right-angle  prism  E  and  becomes  parallel  by  the 
lens  G,  Thence  down  the  tube  H  to  the  box  /,  up  again  to  the 
right -angle  prism  /%  where  it  is  reflected  horizontally  through  the 
lens  K  to  the  micrometer  eye-piece  L,  The  most  difficult  part  of 
the  adjustment  is  after  the  light  enters  the  tube  H.  From  the 
theory  of  interference  in  thick  plates,  if  the  two  plates  are  parallel, 
the  fringes  are  produced  at  infinity.  And  although  the  plates,  i,  ^., 
the  ends  of  the  specimen,  are  seldom  parallel,  the  fringes  are  still 
far  away.  At  the  same  time  they  must  be  brought  to  a  focus  at  the 
cross  wires  of  the  eye  piece,  as  must  also  the  bottom  side  of  the 
plate  on  top  of  the  specimen.  The  lens  G  produces  an  image  of 
the  fringes  near  its  principal  focus  at  the  left  of  the  prism  jp,  while 
the  image  of  the  plate  is  formed  quite  a  distance  to  the  left  of  Z. 
By  interposing  the  lens  K^  a  conjugate  focus  of  the  fringes  is  formed 
and  the  image  of  the  plate  is  brought  nearer.  It  requires  consid- 
erable time,  however,  to  get  the  two  images  to  properly  coincide. 

It  might  be  of  interest  to  note  the  method  of  final  adjustment  of 
the  specimen.  The  three  projections  are  first  ground  down  on  fine 
emery  paper  until  they  are  of  nearly  equal  length  as  shown  by 
micrometer  calipers.  Then  the  steel  box  is  removed  from  the  tube 
and  a  plate  of  black  glass  on  a  leveling  table  is  placed  under  the 
tube  H,  The  specimen  is  placed  upon  the  black  glass  and  the  top 
wedge  of  glass  placed  upon  the  specimen.  Usually  interference 
bands  will  be  seen  but  seldom  of  a  suitable  width.  The  top  wedge 
is  then  gently  pressed  down  with  the  fingers,  over  one  projection 
or  another,  until  the  fringes  become  wider.  This  indicates  that  the 
specimen  is  compressed  along  that  projection  and  that  it  must  be 
made  shorter.  It  is  then  removed  and,  depending  upon  the  speci- 
men, is  rubbed  slightly  on  fine  emery  paper  or  ordinary  paper  to 
remove  a  slight  amount  of  the  material,  and  replaced  upon  the  black 
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glass.  A  few  trials  generally  suffice  to  produce  fringes  of  a  suitable 
width.  •  In  the  case  of  lead  pressure  alone  was  sufficient  to  com- 
press it  to  the  desired  length. 

This  arrangement  of  apparatus  gives  an  admirable  method  of  test- 
ing plates  of  optical  glass  to  see  if  the  sides  are  parallel,  as  it  is  only 
necessary  to  hold  it  under  the  tube  H  om,  levelling  table.  Plates 
up  to  two  centimeters  thickness  or  more  can  be  easily  tested  and  any 
irregularities  detected  by  the  curvature  of  the  fringes.  Although 
many  plates  thus  tested  have  shown  plane  sides  none  have  shown 
parallel  sides.  During  one  series  of  measurements  of  zinc,  parallel- 
ism was  produced  by  unequal  contraction  of  the  specimen  and  the 
plate  appeared  alternately  bright  and  dark. 

The  method  of  keeping  the  window  of  the  box  dry  by  a  current 
of  air  from  the  evaporating  liquid  has  been  abandoned  for  a  less 
elegant  but  more  effective  method.  It  appears  that  ice  and  carbon 
dioxide  evaporate  even  at  liquid  air  temperatures  and  when  the  cur- 
rent of  air  from  the  Dewar  bulb  is  blown  on  the  box  window  the  mois- 
ture and  carbon  dioxide  are  frozen  on  the  cold  surface.  The  fact 
that  the  carbon  dioxide  was  present  was  shown  many  times  by  the 
window  clearing  off  as  the  box  was  warmed  a  little  past  about 
—  80°  C.  A  small  ring-shaped  cup  is  filled  with  phosphorus  pen- 
toxide  and  placed  upon  the  glass  window  and  left  there  during  the 
test.  It  absorbs  nearly  all  the  moisture  in  about  half  an  hour  and 
although  disagreeable  to  work  with  is  more  effective  than  the  air. 

The  following  tables  give  on  the  absolute  temperature  scale  the 
middle  point  of  the  temperature  interval,  that  at  which  the  coefficient 
is  plotted,  the  number  of  fringes  counted  for  the  interval  and  their 
average,  the  calculated  coefficients,  average  coefficient  between  293*^ 
and  93°  and  description  of  material. 

Discussion  of  Results. 

Perhaps  the  most  interesting  curve  is  that  of  the  first  gold  speci- 
men. The  irregularities  in  it  were  quite  unexpected  and  for  that 
reason  no.  2  of  great  purity  from  the  mint  was  tested.  Every  pre- 
caution was  taken  to  keep  it  pure.  It  was  at  first  tested  at  10°  in- 
tervals with  the  expectation  of  finding  the  same  irregularities  as  in 
no.  I.     As  they  did  not  appear  it  was  tested  at  20°  intervals.    Find- 
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ing  a  smooth  curve  for  the  pure  gold,  no.  3  of  doubtful  purity  was 
tested  and  although  its  coefficient  is  a  trifle  higher,  still  it  gave  a 
smooth  curve.  Another  specimen  was  then  made  by  alloying  some 
of  the  mint  gold  with  one  per  cent,  platinum  and  a  single  test  at 
10°  intervals  for  the  first  100°  was  made  with  the  same  result  of  a 
curve  smooth  within  the  limits  of  error  of  single  observations.  The 
average  coefficients  of  the  four  specimens  differ  among  themselves 
by  less  than  one  per  cent.  The  only  explanation  offered  for  the  irregu- 

GOLD.     NO.  2. 

From  U,  S.  PhiUdelphia  Mint,  99.998  Per  Cent,  Gold,  0.002  Per  Cent,  Silver 
Specimen  Melted  and  Cooled  in  a  Mold  of  Graphite,  Length  =  1.3523  cm. 
Average  Width  Fringes  =  250  Divisions  of  Eye  Piece  Micrometer,  Density  = 
19.56.     Average  Coefficient  bettoeen  293*  and  93<»  =  1,335  X  10-». 
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1,404 

1,380 

1,303 

1,279 

Temp. 

143° 

103° 

a88<' 

VfiP 

368° 

258° 

948° 

338° 

12.00 

11.62 

7.25 

6.98 

7.00 

7.17 

7.02 

7.03 

11.95 

11.57 

7.01 
7.15 
7.17 

7.13 
7.05 
7.07 

7.01 

7.06 

7.00 

7.01 

Average 

11.98 

11.60 

7.15 

7.06 

7.01 

7.11 

7.01 

7.02 

e  X  10-8 

1,208 

1.170 

1,440 

1,426 

1,416 

1,435 

1.416 

1,418 

larities  of  no.  i  is  that  it  probably  contained  some  slight  unknown 
impurity.  It  was  made  of  gold  partly  from  old  jewelry,  and  part 
from  C.  S.  Piatt  Co.,  gold  refiners.  New  York.  It  was  melted  in  a 
crucible  and  cast  in  a  hot  cast  iron  mold.  The  specimen  was  brittle 
and  broke  under  a  blow  of  the  hammer.  I  have  since  alloyed  some 
of  the  pure  gold  with  a  small  amount  of  iron  but  it  was  not  at  all 
brittle.     After  no.  i  was  tested  it  was  alloyed  for  jewelry  and  only 
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a  small  piece  left  for  analysis.     Its  curve  is  shown  dotted  for  com- 
parison with  that  for  the  pure  gold. 

Considerable  time  was  devoted  to  zinc.  Two  specimens  were 
tested.  The  first  was  melted  in  its  own  mold,  the  second  melted 
and  cast.  Both  were  irregular,  the  different  parts  expanding  at  dif- 
ferent rates  as  shown  by  the  fringes  rotating  and  changing  width. 
Furthermore  it  would  not  repeat  itself.     Fringes  in  one  direction 


Absolute  Temperature  at 
Fig.  2. 

would  not  always  equal  those  in  opposite  direction  for  the  same  in- 
terval. The  table  gives  the  complete  data  for  the  second  specimen. 
The  three  curves  for  fiber  are  given  in  hopes  they  may  prove 
useful  to  any  who  are  working  with  this  substance  at  low  tempera- 
tures. Considering  its  high  expansibility  each  specimen  was  remark- 
ably uniform  as  shown  by  little  rotation  of  the  fringes.     Specimens 
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I  and  2  were  cut  from  different  sheets  of  fiber,  both  perpendicular  to 
the  plane  of  the  sheet.  No.  i  was  cooled  to  —  i8o®  C.  twice  and 
each  time  the  length  became  less  showing  a  sort  of  ageing  process. 
Thus  the  number  of  fringes  when  cooled  down  the  first  time  was 
462,  while  in  warming  back  to  same  temperature  the  number  was 
447.     The  next  time  down  it  was  43 1.6  while  up  it  was  429.6  mak- 

GOLD.    NO.  3. 

Old  Gold  Purified  by  Solution  Method  Which  Would  Leave  in  Any  Noble  Metals  and 
Possibly  Traces  of  Copper  and  Silver.  Surface  of  Specimen  was  Decidedly  Crys- 
talline. Lengths  0MS6  cm.  Average  Width  Fringes  =  y]S.  Density —19.  IS. 
Average  Coefficient  =  1,346  X  10~8. 


Temp. 

2830 

»63«      1 

9.47 
9.40 

9.44 

443° 

9.34 
9.24 

9.33 
9.21 

9.27 
1,429 

aQ3« 

8.90 
8.71 
8.91 
8.94 

8.87 

1,367 

X830 

163° 

143° 

9.39 
9.56 

9.48 

8.59 
8.55 

8.46 
8.53 

8.10 
8.18 

Average 

9.29 
1,431 

8.57 

8.50 

8.14 

e  X  10-8 

1,462 

1,455 

1,321 

1,311 

1,254 

Temp. 

1230 

8.15 
8.05 

8.10 

103° 

a88o 

Q780 

iW' 

158° 

u^ 

2^ 

7.66 
7.63 

4.73 
4.74 

4.66 
4.82 

4.75 
4.58 

4.72 

4.72 
4.82 

~4.7r 

4.56 
4.60 

4.58 

4.78 
4.64 

Average 

7.65 

4.74 

4.74 

4.71 

<fX10-8 

1,249 

1,180 

1,460 

1,460 

1,454 

1,470 

1,412 

1,451 

GOLD.     NO.  4. 

99  Per  Cent,  of  the  Mint  Gold,  1  Per  Cent.  Platinum.  Alloy  First  Melted  on  Char- 
coal and  then  Melted  in  Graphite  Mold.  Length  =0,630^  cm.  Average  Width 
Fringes  =  250.     Average  Coefficient  =  1,332  X  10-8. 


Temp. 

fl88o          i          878°          1        «6«° 

3.48              3.29             3.42 

1        151               143             148 

1                     1                     ! 

1       asSo 
,      3.29 

143 

3480 

asBo 

3.27      1 

3.27 

^xiO-^ 

142      1 

142 

ing  a  total  change  in  length  of  about  7  per  cent.  The  micrometer 
caliper  measurements  before  the  test  gave  its  length  =  1.269  cm. 
while  the  day  after  the  test  it  was  1.248  cm.,  a  change  of  1.65  per 
cent.  Two  days  later  the  length  was  1.253  ^^'  showing  that  it  is 
gradually  regaining  its  former  length.     This  is  thought  to  be  due, 
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somewhat  at  least,  to  moisture,  for  when  the  air  was  first  exhausted 
from  the  box  there  was  a  creeping  of  the  fringes  for  about  an  hour 
in  the  direction  indicating  decreasing  length.  No.  2  was  cooled  but 
once  and  the  curve  is  plotted  from  the  single  run,  which  is  consid- 
ered sufficiently  accurate  for  the  material.     The  total  number  of 

FIBER.     (COMPRESSED   PAPER)    NO.  I. 
Cut  Perpendicular  to  the  Plane  0/  the  Sheet.     Length  =  1.248  cm.     Average  Coeffi- 
dent  =  472  X  10-'.     Coefficients  Corrected  for  Decreased  Length  at  Lower  Tem^ 
peratures. 


Temp. 

»73° 

«ss®        1        i«®        1        "sa®        !        «»3° 

128.0 
125.0 

102.5       ;        81.5                65.0        |        54.6 
102.5       1        82.1                65.5        1        54.5 

Average 
/X10-' 

126.5 
"  691 

102.5               81.8                 65.3         |        54.6 
562          .449            1      358            I      300 

FIBER.     NO.  2. 
Cut  Perpendicular  to  Plane  of  Another  Sheet.     Length  =  0.925  em.     Average  Coeffi- 
cient =  456  X  10-'.     Coefficients  Corrected  at  Lower  Temperatures. 

101.0 
745 

73.6                55.4         !        44.8         '        37.0 

^xiO-' 

543            1      408                  331                  273 

FIBER.     NO.  3. 
Cut  Parallel  to  Plane  of  Same  Sheet  from  Which  No.  2  was  Cut.     Length  =  1. 115  cm. 
Average  Coefficient  =  164  X  10-'. 


^XIO-' 


41.7 
255 


31.8 
195 


24.2 


148 


_20.J^ 
123 


16.7 
102 


LEAD.      CAST. 
From  Department  of  Chemistry ^  Supposedly  Pure.     Length  —  1.5320  cm.     Average 
Width  Fringes  =z  125.     Density  —  11.51.     Average  Coefficient  =  2,708  X  10-». 
Coefficients  Corrected  for  Change  in  Length. 


64.80 
64.93 

63.88 
64.10 
63.99 
285 

60.98 
61.03 
61.01 
272 

58.31 
58.20  _ 
58.26 

1        55.92 
!        55.96 

Average 

64.87 

1       55.94 

^X10~T 

289 

259 

1      248 

fringes  down  was  31 1.8  while  there  were  only  305.3  up,  showing  a 
loss  in  length  of  but  2.1  per  cent,  as  compared  to  3.25  per  cent,  in 
the  first  cooling  of  no.  i.     No.  3  was  cut  parallel  to  the  plane  of 
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QUARTZ.     CRYSTALLINE. 
Cut  Parallel  to   Optic  Axis,     A  Beautifully  Clear  Specimen  Kindly  Prepared  and 
Loaned  by  Messrs,  Tiffany  and  Co. ,  New  York.     Length  :=z  \,S7A\  cm.     Average 
Width  Fringes  —  180.     Density  =  2.65.     Average  Coefficient  =  5.686  X  10-». 


16.71 
16.99 

14.50 
15.14 

12.94 
13.26 

10.69 
10.58 

8.19 
8.18 

Average 

16.85 

14.82 

13.10 

10.64 

8.19 

ifX10-» 

7,542 

6,642 

5,865 

4,762 

3,664 

HARD  RUBBER. 
Cut  from  Thick  Sheet,     Length  =  l,6S0  cm.     Average  Width  Fringes  =  ISO,     Den- 
sity =i\,2\.     Average  Coefficient  ^=SAty^\0-''.     Coefficients  Corrected  for  Length 
Changes, 


164.9 
166.5 

150.5 
150.3 
150.4 

133.5 
134.4 

118.0 
118.5 

100.8 
100.6 

Average 

165.7 

133.9 

118.3 
485 

100.7 

e  X  10-7 

673 

613 

546 

413 

SELENIUM. 
Amorphous^  from  Eimer  and  Amend,      Melted  in  a  Porcelain  Crucible  and  Cast  in  a 
Thin  Sheet  Zinc  Mold,     Zinc  then  Dissolved  in  Dilute  Sulphuric  Acid.     No  Ap- 
parent Formation  of  a  Selenide,     Length  •=.  0.8561  cm.     Average  Width  Fringes 
=  380.     Average  Coefficient  =  3,732  X  10-». 


55.00 
55.01 

50.43 
50.67 

46.38 
46.24 

42.02 
42.01 

40.60 
40.50 

Average 

55.01 

50.55 
404 

46.31 

42.02 

40.55 

^XIO-' 

439 

369 

335 

324 

ZINC.    CAST. 

From  Eimer  and  Amend ,  Marked  Chemically  Pure,  Length  •=.  1.6985  cm.  Average 
Width  Fringes  =  400.  Demity  =  7. 13.  Average  Coefficient  =  264  X  10-'.  Co- 
efficients Corrected  for  Length  Changes,  Irregular  in  its  Behavior,  Two  Speci- 
mens Tested,     Both  About  the  Same, 


Temp. 

a830 

.630 

H3P 

M30 

apso 

183° 

1^0 

X43^ 

xaa*' 

X030 

36.4 

36.9 

36.9 

36.6 

34.8 

33.4 

3L5 

3L4 

26.3 

2L3 

37.2 

39.2 

39.7 

37.8 

32.6 

30.3 

28.1 

27.1 

25.4 

23.8 

37.1 

37.8 

38.6 

38.4 

35.5 

32.8 

3L5 

30.0 

29.2 

22.9 

36.8 

39.5 

37.6 

34.0 

35.6 

32.5 

3L4 

28.9 

26.7 

25.5 

32.9 

33.0 

28.3 

27.8 

25.8 

24.5 

Average 

36.9 

38.3 

38.2 

36.7 

36.3 

32.5 

30.8 

29.1 

25.5 

23.6 

e  X  10-' 

297 

308 

308 

297 

291 

260 

246 

233 

204 

190 
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the  same  sheet  of  fiber  as  no.  2  and  a  single  decreasing  temperature 
set  of  measurements  was  made.  The  average  perpendicular  expan- 
sion is  about  2.83  times  that  of  the  parallel  expansion. 

The  former  curve  for  fused  quartz  is  shown  for  tomparison  with 
the  crystalline  quartz. 

Several  of  the  specimens  were  tested  in  a  magnetic  field  to  see  if 
any  change  in  length  was  produced.  The  black  glass  mirror  was 
supported  upon  a  large  electro -magnet  and  the  specimen  with  its 
cover  glass  placed  thereon  under  the  tube  H,  The  bismuth  speci- 
men especially  was  tested  both  in  a  field  parallel  to  its  length  and 
perpendicular  to  its  length  ;  but  up  to  about  one  part  in  four  million 
no  change  was  observed  in  the  field  used,  which  was  estimated  to  be 
at  least  350  C.G.S.  units  by  calculating  backwards  from  the  observa- 
tions on  iron  to  Bidwell's  curves,  as  it  was  strong  enough  to  show 
a  decrease  in  length  of  more  than  a  fringe  in  the  iron  specimen. 

Selenium  was  tested  to  see  if  it  changed  length  when  illuminated. 
With  the  specimen  in  the  box  and  at  a  constant  temperature  the 
cross  wires  were  set  over  a  dark  band  and  the  green  light  was  cut 
off  by  interposing  a  screen  above  the  lens  G,  After  an  interval  of 
time  the  screen  was  removed  and  observation  made  to  see  if  the 
fringe  had  changed  position.  No  change  was  observable.  Next  a 
right  angle  prism  was  placed  above  the  lens  G  so  light  from  a  gas 
burner  could  be  thrown  down  into  the  tube  to  the  top  of  the 
selenium  projections  upon  which  the  top  cover  wedge  rested.  Again 
no  change  was  detected.  Now  although  the  specimen  had  cooled 
slowly  it  is  not  necessarily  assumed  to  be  in  its  most  sensitive  condi- 
tion to  change  its  resistance  when  exposed  to  light,  so  a  third  trial 
was  made.  This  time  some  selenium  was  placed  upon  a  piece  of 
glass  and  another  piece  of  glass  placed  over  it.  This  was  placed 
upon  a  block  of  cast  iron,  covered  over  and  slowly  melted,  kept  in 
the  melted  state  nearly  an  hour  and  then  allowed  to  slowly  cool. 
Some  of  the  thin  flakes  were  then  placed  upon  black  glass  and  cov- 
ered with  the  wedge  so  that  interference  fringes  were  produced  by 
the  two  glass  surfaces.  Both  former  tests  of  illuminating  were  then 
tried  but  with  negative  results.  One  hundredth  of  a  half  wave 
length  could  have  been  detected  in  either  case  but  was  not  found. 

The  coeflScients  of  expansion  of  platinum  and  crystalline  quartz 
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offer  good  comparisons  between  this  work  and  that  of  Karl  Scheel,^ 
who  tested  quartz  parallel  to  its  optic  axis  by  this  method  and  then 
by  comparison  tested  other  substances.  Between  +  i6®  and  —  190® 
C.  he.  gives  figures  from  which  the  average  coefficient  of  expansion 
of  quartz  for  the  temperature  interval  =  522  x  lO"®.  Exterpolating 
my  curve  for  the  10®  from  —  180°  to  —  190°  and  interpolating 
for  the  +  16°  I  find  60.98  fringes  for  the  same  interval,  giving 
^  =  529  X  IQ-®  or  a  result  1.3  per  cent,  higher  than  Scheel's.  For 
platinum  he  gives  797  x  lO""®,  while  my  result  in  the  former  paper 
for  +  20®  to  180°  was  given  =  815  x  lO"*  and  exterpolating  it  as 
for  quartz  gives  805  x  io~®  or  i  per  cent,  higher.  For  the  interval 
of  +  16®  to  +  100®  his  value  was  904  x  io~^  Mine  for  the  in- 
terval +  20°  to  +  100°  is  906  X  lO"®.  In  a  later  paper,  Scheel  and 
Heuse'  have  redetermined  platinum  by  means  of  a  comparator  and 
for  the  interval  of  +  16°  to  —  183°  their  value  is  805  x  IO~^  Again 
exterpolating  my  curve  for  the  3®  I  get  808  x  16"®,  so  that  their 
last  result  is  only  0.37  per  cent,  lower  than  mine. 

Scheel,*  has  remeasured  quartz  glass  by  the  direct  ring  method 
and  finds  its  minimum  length  to  be  at  —  84°  C.  instead  of—  46°  C, 
as  in  the  case  of  the  quartz  cylinder  previously  examined.  This  is 
in  close  agreement  with  the  statement  in  my  previous  paper,  that 
the  coefficient  changed  sign  at  about  —  80°  C. 
Physical  Laboratory, 
Cornell  University. 

^Verh.  d.  Phys.  Gcs.,  9,  1907. 
•Phys.  Zcit.,  8,  October,  1907. 
»Verh.  d.  Phys.  Gcs.,  9,  23,  December,  1907. 
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SOME   ELECTRICAL  PROPERTIES  OF  SILICON. 

By  Frances  G.  Wick. 

II.   The  Electrical  Resistance  of  Silicon  at  Various 
Temperatures. 

THE  study  of  the  resistance  of  the  metallic  silicon  produced  by 
the  Carborundum  Company  is  the  second  of  a  series  of  tests 
made  upon  a  set  of  rods  cast  by  H.  E.  Heath,  the  first  measure- 
ments made  being  upon  the  thermo-electric  behavior.*  The  ex- 
periments described  in  this  paper  include  a  study  of  the  effect  of 
temperature  upon  resistance  through  a  range  of  600  degrees. 

The  resistance  of  a  number  of  the  rods  at  room  temperature  was 
first  measured  by  finding  the  fall  of  potential  along  a  known  length 
of  the  rod  and  comparing  this  with  the  potential  drop  around  a 
known  resistance. 


Fig.  1. 


The  connections  to  the  ends  of  the  rods  were  iron  wires  fused  to 
the  silicon  in  an  oxyhydrogen  flame.  The  contacts  mtn!  were  made 
by  means  of  brass  springs.  From  the  data  obtained  in  this  way  and 
the  dimensions  of  the  rods  the  specific  resistance  of  a  number  of 
rods  was  computed,  i.  e,,  the  resistance  in  ohms  of  a  bar  i  cm.  long 
and  I  sq.  cm.  in  cross-section 


1  Wick,  Frances  G.,  Physical  Review,  Vol.  XXV.,  No.  5,  p.  382. 
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K  =  Specific  resistance. 
R  =  Resistance  measured. 

/  =  Length, 

q  =  Area  of  cross-section. 

Table  I. 


Leoffth  in 
cm. 

Diameter  in 
cm. 

ReeiBtance  in 
Ohms. 

Specific  Resistance. 

4 

.32519 

1.6212 

.033741 

33741  X  10-^ 

4.35 

.319 

2.984 

.05498 

54980        " 

3.2 

.3301 

1.605 

.04263 

42630 

20.3 

.3167 

20.41 

.0793 

79300 

27.7 

.3199 

19.62 

.05696 

56960        " 

27.2 

.32045 

26.17 

.08061 

80610 

Table  I.  gives  the  results,  which,  it  will  be  noticed,  do  not  agree 
for  any  two  of  the  rods.  For  all  the  specimens,  however,  the  spe- 
cific resistance  is  very  high  compared  with  that  of  other  substances, 
that  of  copper  being  1.3  x  io~*  and  that  of  carbon  from  an  Edison- 
Swan  incandescent  lamp  being  4,000  x  IO"'^  The  average  of  the 
silicon  rods  measured  was  58,036  x  IO~^ 

Temperature  and  Resistance. 

The  effect  of  temperature  upon  the  resistance  of  the  rods  was 
measured  through  a  range  of  600  degrees.  The  exceptionally  large 
thermal  E.M.F.  between  silicon  and  other  metals,  combined  with  the 
fact  that  the  silicon  rods  were  comparatively  thick  and  very  brittle, 
introduced  considerable  difficulty. 

There  was  also  trouble  in  making  connections  which  were  satis- 
factory at  all  temperatures.  Brass  springs  were  first  tried  with  jaws 
fastening  tightly  around  the  silicon  rod,  then  connections  of  fine 
copper  wire  closely  wrapped  around  the  rod.  Neither  of  these 
methods  was  satisfactory,  the  contact  being  poor  and  variable  espe- 
cially at  high  temperatures.  The  rods  were  then  copper  plated  in 
those  places  around  which  the  wire  was  wrapped  but  at  high  tem- 
peratures the  copper  plate  loosened.  Finally  a  contact  which  was 
satisfactory  at  all  temperatures  was  made  by  fusing  iron  wire  into 
the  silicon  rod  in  an  oxyhydrogen  flame.     With  this  sort  of  con- 
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Fig.  2. 


nection  the  results  obtained  at  ordinary  temperatures  were  the  same 
as  with  the  wrapped  or  spring  connections,  showing  that  the  resist- 
ance of  the  silicon  was  not  altered  during  the  process  of  fusion. 

The  method  of  measuring  resistance  with  change  in  temperature 
was  as  follows : 

Short  iron  wires  were  fused  to  the 
rod  at  the  ends  A  and  B  (Fig.  2)  and 
at  the  points  C  and  D,  Copper  con- 
stantan  thermo-j unctions  were  bound 
tightly  to  the  rod  at  E  and  F,  the 
other  junctions  of  these  pairs  {x  and  7) 
being  kept  at  0°.  The  ends  of  the 
rod  were  then  covered  with  plaster  of 
Paris  to  keep  the  wires  from  breaking 
off.  The  copper  wires  used  for  connections  which  were  subjected 
to  high  temperatures  were  insulated  in  pipe  stems. 

For  the  measurement  of  resistance  at  high  temperatures  the  rod 
was  placed  at  the  center  of  a  long  heating  coil  made  by  winding 
iron  wire  evenly  upon  a  porcelain  tube,  the  inner  diameter  of  which 
was  about  1.5  cm.  By  varying  the  current  through  the  coil,  tem- 
peratures between  o®  and  400®  were  obtained.  The  position  of  the 
rod  in  the  tube  was  adjusted  until  the  thermo-j unctions  indicated 
the  same  temperature  at  both  ends. 

By  connections  with  potentiometer  leads  the  fall  of  potential  was 
measured  between  terminals  aa\  bV ^  cc'  and  dd' ^  the  connections 
being  changed  quickly  by  means  of  mercury  cups,  aa'  gave  the 
fall  of  potential  along  the  rod,  bl/  that  around  a  known  resistance 
cc'  and  dd'  gave  the  E.M.F.  of  the  thermo-j unctions  from  which 
the  temperature  was  determined  by  reference  to  a  calibration  curve 
previously  taken. 

For  temperatures  below  zero  the  rod  with  its  connections  was 
immersed  in  CO,  and  ether,  and  finally  in  liquid  air. 

To  eliminate  thermal  effects,  a  system  of  reversing  keys  was 
arranged  so  that  the  current  through  the  silicon  rods  and  the 
potentiometer  were  reversed  at  the  same  time.  Direct  and  reversed 
readings  were  taken  in  all  cases  and  the  average  computed. 
Thermal  effects  were  eliminated  to  such  an  extent  that  the  two 
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readings  differed  very  slightly,  as  may  be  seen  in  Table  II.  which  is 
a  sample  table  giving  all  readings  as  they  were  actually  taken. 

Fig-  3  gives  curves  from  data  obtained  in  a  similar  way  showing 
the  effect  of  temperature  upon  resistance.     The  dimensions  of  the 


Fig.  3. 

rods  are  given  in  Table  III.  Fig.  4  gives  the  change  in  specific 
resistance  per  degree  for  rods  i,  2,  3  and  4  computed  from  the 
corresponding  curves  given  in  Fig.  3  by  taking  the  slope  at 
different  points. 

These  results  indicate  a  wide  variation  not  only  in  the  absolute 
values  of  specific  resistances  but  also  in  the  shape  of  the  curve 
representing  the  change  in  resistance  with  temperature. 

The  rods  seem  to  belong  to  two  different  groups.     For  one  the 
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temperature  coefficient  of  resistance  is   negative   throughout   the 
range  measured.     Rods  i  and  2  belong  to  this  group. 

Table  III. 

Length  along  which  Fall  of 
Rod.  Diameter.  Potential  Was 

Measured. 

1  3.09  mm.  8.3  cm. 

2  3.34  10.5 

3  3.24  7.8 

4  3.26  5.5 

For  the  other  the  coefficient  is  negative  from  the  lowest  temper- 
ature measured  to  about  200°.  At  this  point  a  change  takes  place 
and  the  coefficient  becomes  positive. 


Fig.  4. 
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Rods  3  and  4  are  two  of  the  rods  which  in  previous  tests 
showed  comparative  agreement  in  thermal  E.M.F.  Rod  A,  was 
later  measured  for  thermal  E.M.F.  and  the  value  obtained  was 
about  half  that  for  the  other  rods. 

These  results  show  a  lack  of  uniformity  in  the  resistance  of 
diflferent  specimens  of  the  same  lot  as  well  as  in  the  effect  of  change 
in  temperature  upon  this  resistance  indicating  that  the  resistance  of 
metallic  silicon  is  very  sensitive  to  changes  in  purity,  physical  con- 
stitution, crystalline  structure,  or  variations  of  some  other  sort  the 
exact  nature  of  which,  in  this  case,  is  not  known. 

The  substitution  of  silicon  for  other  resistance  where  electrical 

heating  is  required  has  been  considered,  since  the  resistance,  specific 

heat  and  emissive  powers  are  all  high.     But  the  extreme  brittleness 

of  the  substance  offers  so  much  difficulty  that  it  has  not  yet  been 

successfully  used. 

Physical  Laboratory, 
Cornell  University. 
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HEAT  DEVELOPED  IN  A  MASS  OF  THORIUM  OXIDE, 
DUE  TO   ITS   RADIOACTIVITY. 

By  George  B.  Pegram  and  Harold  W.  Webb. 

IN  a  former  short  notice  ^  the  authors  described  an  experiment  for 
the  purpose  of  detecting  and  measuring  the  rate  at  which  heat 
is  developed  in  a  mass  of  thorium  oxide,  on  account  of  its  radio- 
activity. The  present  paper  gives  the  results  of  more  careful  experi- 
ments for  the  same  purpose. 

The  method  of  the  experiment  was  briefly  as  follows  :  The 
thorium  oxide  (not  pure,  but  old  Welsbach  mantles  ground  up,  for 
which  we  are  indebted  to  Mr.  H.  Lieber)  was  contained  in  a  five 
liter  spherical  Dewar  bulb,  suspended  in  a  metal  cylinder,  which  in 
turn  was  suspended  in  an  ice-bath.  By  means  of  thermo-elements 
with  one  set  of  junctions  in  the  thorium  oxide,  the  other  set  against 
the  top  of  the  metal  cylinder,  the  temperature  difference  between  the 
thorium  oxide  and  the  ice-bath  was  measured.  Heat  was  then  pro- 
duced in  the  bulb  at  a  known  rate  by  sending  a  current  through 
wires  laid  in  the  thorium  oxide,  and  the  temperature  difference 
determined  after  a  constant  value  had  been  reached.  As  the  tem- 
perature differences  were  very  small  they  were  assumed  directly 
proportional  to  the  rate  of  heat  development,  and  so  from  the  tem- 
perature differences  and  the  known  rate  of  heat  development  by  the 
current  the  rate  of  heat  development  by  the  thorium  oxide  was  esti- 
mated. 

In  the  Dewar  bulb,  D,  Fig.  i,  were  4.1  kg.  of  the  thorium  oxide, 
which  filled  it  a  little  way  up  the  neck.  The  metal  cylinder,  V^  within 
which  the  bulb  hung  on  cords  from  the  top,  with  a  clearance  of  i  cm. 
between  it  and  the  cylinder  wall,  was  a  piece  of  steel  pipe  53  cm. 
long,  27  cm.  diameter,  with  brass  caps  at  top  and  bottom.  The 
purpose  of  the  cylinder  was  in  the  first  place  mechanical  protection 
to  the  Dewar  bulb,  but  to  insure  that  all  was  dry  within  the  bulb, 

1  Science,  May  27,  1904. 
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as  well  as  to  decrease  the  rate  of  heat  loss  from  the  bulb,  the 
cylinder  was  made  air-tight  and  exhausted  to  a  pressure  of  .4  mm. 
Hg.  Difficulty  was  experienced  at  first  in  getting  the  cylinder  air- 
tight, but  by  having  the  steel  pipe  heavily  galvanized  inside  and 
out,  and  using  rolled  brass  caps,  the  difficulty  was  overcome.  The 
caps  of  the  cylinder  were  provided  with  grooves  to  receive  the  rim 
of  the  pipe  and  the  joints  were  made  tight  with  a  cement  of  gutta- 
percha and  rosin.  Then  it  was  so 
tight  that  no  change  in  pressure  as 
indicated  on  an  ordinary  mercury 
vacuum  gauge  could  be  detected  in 
nine  months. 

The  ice-bath  was  a  cylindrical  sheet- 
iron  tank,  T,\QO  cm.  deep,  50  cm.  in 
diameter  (giving  a  clearance  of  1 1  cm. 
between  the  cylinder  and  the  wall  of 
the  tank),  with  a  small  outlet  at  the 
bottom  so  that  water  from  the  melt- 
ing ice  did  not  accumulate  in  the  ice- 
bath.  Underneath  and  around  the 
tank  saw-dust  was  packed,  nowhere 
less  than  12  cm.  deep.  The  tank  had 
a  wooden  cover,  and  pieces  of  thick 
felt  were  laid  over  it,  Hygeia  (arti- 
ficial) ice  was  used,  broken  into  pieces 
of  2  to  20  c.c.  size.  About  15  kg. 
were  used  daily.  As  appears  in  the 
table  given  later,  thermo-element  readings  generally  showed  a  small 
temperature  difference  between  the  top  and  the  bottom  of  the 
cylinder,  the  bottom  being  warmer. 

The  thermo-elements  were  of  iron  wire  0.17  mm.  diameter,  and 
constantan  wire  o.ii  mm.  diameter,  with  junctions  soldered.  The 
wire  was  silk  insulated  and  the  bared  junctions  covered  thinly  with 
paraffin.  There  were  three  sets  of  thermo-elements.  The  prin- 
cipal set,  of  five  couples,  C,  which  we  shall  refer  to  as  the  central 
couples^  had  one  set  of  junctions  arranged  radially  at  the  center  of 
the  mass  of  thorium  oxide,  so  that  they  were  all  within  2   cm. 
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of  the  center  of  the  mass.  The  other  junctions  were  outside  the 
bulb,  clamped  tightly,  with  only  a  thin  sheet  of  mica  between  for 
insulation,  against  the  top  of  the  metal  cylinder.  For  a  check  on 
the  working  of  these  elements,  a  lead-wire  was  put  in  so  that  the 
electromotive  force  of  the  five  couples  could  be  measured  in  two 
parts,  one  of  two,  the  other  of  three  couples.  As  the  sum  of  these 
readings  agreed  well  with  the  reading  for  all  five  together,  no 
further  use  was  made  of  the  readings  by  parts. 

The  second  set,  of  six  couples,  R^  which  we  shall  refer  to  as  the 
radial  couples ^  was  also  arranged  with  one  set  of  junctions  within  2 
cm.  of  the  center  of  the  thorium  oxide,  and  the  other  junctions 
were  within  about  2  cm.  of,  the  wall  of  the  containing  bulb,  four 
radiating  symmetrically  in  the  horizontal  plane,  and  the  remaining 
two  in  the  vertical  axis.  These  gave  by  their  readings  approx- 
imately the  temperature  difference  between  the  center  and  the  out- 
side of  the  mass  of  thorium  oxide.  Furthermore,  this  set  of  wires 
also  served  as  the  conductor  through  which  a  current  was  passed 
to  introduce  heat  into  the  bulb  at  a  known  rate.  As  the  current 
was  quite  small,  the  heating  or  cooling  at  the  junctions,  due  to  the 
Peltier  effect,  was  considerable  in  proportion  to  the  Joule  heat  de- 
veloped, and  to  obviate  the  effect  of  this  the  direction  of  the  current 
was  reversed  twice  a  minute  by  clockwork. 

The  third  set  of  five  thermo-elements,  j5,  served  as  a  check  on  the 
uniformity  of  temperature  of  the  metal  cylinder.  One  set  of  junc- 
tions was  at  the  top  of  the  cylinder,  the  other  set  lay  on  the  bottom 
of  it. 

Copper  lead-wires  to  the  thermo-elements  ran  out  through  a 
tube  inserted  in  the  top  of  the  metal  cylinder,  in  which  tube  the 
wires  were  sealed  with  wax  and  then  ran  on  well  *out  of  the  bath 
(through  a  piece  of  rubber  pressure  tubing).  The  wires  were  also 
sealed  with  wax  in  the  outer  end  of  this  rubber  tube,  to  prevent 
moisture  condensing  on  them  in  the  cold  end  of  the  tube.  The 
lead-wires  led  to  a  small  switch-board  of  copper  blocks  with  mer- 
cury cups,  so  arranged  that  all  desired  connections  to  potenti- 
ometer, etc.,  could  conveniently  be  made  with  copper  links  between 
the  cups.  The  switch-board  was  enclosed  in  a  wooden  box,  to 
prevent  sudden  temperature  variations. 

The  electromotive  force  of  the  thermo-elements  was  measured  by 
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balancing  against  a  straight  wire  potentiometer.  The  potentiometer 
wire  was  a  meter  length  of  copper  wire,  resistance  .087  ohm,  con- 
nected in  series  with  a  resistance  of  30,000  ohms  and  a  cell  of  1.46 
volts  E.M.F.  The  fall  of  potential  for  i  cm.  of  the  potentiometer 
wire  was  then  .042  x  lO""*  volts.  All  conducting  parts  of  the  poten- 
tiometer were  of  copper.  Only  in  the  mercury  cups  and  the  gal- 
vanometer was  any  other  metal  in  the  circuit  outside  of  the  ice-bath. 
The  galvanometer  used  was  a  special  high  sensibility  suspended  coil 
galvanometer,  made  by  the  Weston  Electrical  Instrument  Company. 
Its  resistance  was  31.2  ohms,  and  i  scale  division  corresponded  to 
8.2  X  io~'  volts  across  its  terminals.  The  galvanometer  was  also 
enclosed  in  a  wooden  box  to  equalize  its  temperature,  as  its  binding- 
posts  were  aluminum. 

The  mass  of  thorium  oxide  was  not  of  the  same  temperature 
throughout,  being  warmer  towards  the  center  of  course.  Let  us 
suppose  that  the  distribution  of  temperature,  in  the  case  where  the 
heating  current  was  flowing,  was  the  same  (except  for  a  constant 
factor)  as  in  the  case  of  no  current,  and  that  we  knew  the  tempera- 
ture above  the  ice-bath  of  any  point  of  the  mass,  say  a  point  near 
the  surface,  in  each  case.  Then  we  could  say  that  the  ratio  of  the 
rates  of  heat  development  in  the  two  cases  was  the  same  as  the  ratio 
of  the  temperatures.  The  radial  couples  give  us  the  temperature 
difference  between  the  center  of  the  mass  and  the  region  within  2 
cm.  of  the  outside.  Subtracting  the  reading  of  the  radial  couples 
from  that  of  the  central  couples  gives  the  temperature  difference 
between  that  region  2  cm.  deep  in  the  mass  and  the  ice-bath.  Now 
with  no  heating  current  the  temperature  difference  between  the 
center  and  this  otiter  region  is  about  one  fourth  of  the  difference 
between  this  region  and  the  ice-bath,  while  with  current  it  is  about 
one  third.  Hence  it  is  evident  that  the  heat  was  more  concentrated 
toward  the  center  of  the  mass  in  the  second  case,  which  is  a  neces- 
sary consequence  of  the  "  star  "  arrangement  of  the  heating  wires ; 
but  it  is  also  evident  that  this  difference  in  distribution  of  tempera- 
ture makes  no  great  error  in  the  result,  if  we  say  that  the  rate  of 
heat  development  in  the  mass  in  the  two  cases  is  proportional  to 
the  temperature  elevation  of  the  thorium  oxide  at  a  depth  of  2  cm. 
Certainly  the  error  from  this  is  less  than  the  difference  between  one 
fourth  and   onethird,  for  this  part  of  the  mass  for  which  the  temper- 
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atures  arc  compared,  namely,  the  part  at  a  depth  of  2  cm.  from  the 
outside,  is  much  nearer  the  average  temperature  than  the  center. 

As  the  cooling  and  heating  due  to  the  Peltier  effect  at  the  respec- 
tive junctions  of  the  radial  set  of  thermo-elements,  the  wires  of  which 
were  used  as  the  heating  circuit,  showed  itself  very  plainly  in  the 
readings  of  the  electromotive  force  from  these  junctions  when  read- 
ings were  taken  immediately,  it  was  necessary  to  wait  some  time 
after  the  current  was  cut  off  before  the  readings  were  free  from  the 
disturbance  due  to  this  very  local  heating  and  cooling.  Forty-five 
minutes  was,  however,  quite  sufficient.  In  the  meanwhile  the  bulb 
as  a  whole  had  cooled  off  a  little.  The  rate  of  cooling  was  ascer- 
tained by  a  series,  of  measurements  extending  over  a  considerable 
period  after  the  current  was  cut  off,  and  it  was  found  that  the  cool- 
ing was  about  at  the  rate  of  half  in  35  hours.  We  have,  therefore, 
made  corrections  to  the  observed  readings,  taking  account  of  the 
cooling  in  the  time  between  the  cessation  of  the  heating  current  and 
the  time  when  each  reading  was  made. 

No  correction  has  been  made  for  the  small  difference  of  tempera- 
ture between  the  top  and  bottom  of  the  cylinder,  as  this  was  found 
to  have  no  appreciable  effect  on  the  results.  The  readings  of  the 
cylinder  couples  were  used  simply  as  a  check  on  the  constancy  of 
the  temperature  of  the  ice-bath.  No  measurements  of  the  temper- 
ature of  the  thorium  oxide  were  taken,  when  the  cylinder  couples 
showed  large  differences  of  temperature  or  rapid  variation. 

The  effect  of  the  concentration  of  heat  toward  the  center  when 
the  heating  current  was  on  can  be  seen  easily  in  table  (A).  There 
the  readings  of  both  the  central  and  radial  couples  drop  rapidly  at 
first  due  to  the  diffusion  of  heat  from  the  central  part,  yet  the 
difference  between  the  readings  remains  about  constant.  It  is  not 
this  rate  of  drop  that  is  used  for  making  the  correction  just 
mentioned,  but  the  much  longer  rate  of  cooling  of  the  bulb  as  a 
whole. 

Of  course  to  get  rid  of  disturbing  electromotive  forces  in  the 
circuit  outside  of  the  ice-bath,  the  mean  of  the  potentiometer 
readings  with  connections  first  one  way,  then  reversed,  was  always 
taken.  There  was  sometimes  no  difference  between  the  two 
readings,  sometimes  again  it  was  as  much  as  60  per  cent,  of  the 
smaller  reading.     Only  the  means  are  given  in  the  table. 
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The  actual  temperature  difference  measured  between  the  thorium 
oxide  and  the  ice  bath,  as  calculated  from  the  thermo-electric  con- 
stant was,  with  no  heating  current,  3.4  x  io~**  C. 


Table  of  Results. 

{A)   V^Uh  HeaHng  Current,  15.25  X  10-*  Waits  Inside  Bulb, 


Wait  Be- 
tween  Ces- 
sation of 
Current 
and  Read- 
inc. 

Numbers  are  cms.  on  Potentiometer  Wire. 
—  .04a  X  «or«  Volt. 

t  cm. 

Time. 

Central 
Couples. 

Radial 
Couples 

xi 

Difference. 

Corrected 
liar  Wait. 

Cylinder 
Couples. 

May  29,    8.45  P.  M. 

90min. 

134.2 

54.0 

80.2 

82.7 

9.30  P.  M, 

135     •' 

127.5 

47.3 

80.3 

83.6 

12.0 

10.30  P.  M. 

195     *' 

120.0 

43.7 

76.3 

8L5 

8.8 

11.50  P.  M. 

275     '* 

113.8 

37.5 

76.3 

83.6 

11.1 

May  30,    9.45  P.  M. 

60    " 

136.8 

52.7 

84.1 

85.8 

7.5 

10.45  P.  M. 

120    " 

126.6 

43.0 

83.6 

87.1 

6.6 

May  31,    7.00  P.  M. 

75    " 

141.2 

53.5 

87.7 

90.0 

3.6 

8.00  P.  M. 

135    " 

134.8 

47.0 

87.8 

92.0 

4.5 

9  00  P.  M. 

195    " 

124.8 

4L5 

83.3 

89.0 

3.7 

June    1,    7.30  P.  M. 

80    " 

133.5 

-52.3 

8L2 

83.4 

8.1 

8.20  P.  M. . 

130    *• 

126.5 

47.5 

79.0 

82.6 

7.2 

9.00  P.  M. 

170    '« 

122.7 

43.0 

79.7 

84.4 

8.7 

June    2,  10.55  P.  M. 

150    " 

125.2 

46.3 

78.9 

83.0 

7.5 

June    3,    8.15  P.  M. 

60    *' 

142.2 

57.5 

84.7 

86.4 

7.8 

9.20  P.  M. 

125    " 

132.7 

46.5 

86.2 

90.0 

'   

10.10  P.M. 

175    " 

126.0 

43.5 

82.5 

87.6 

7.2 

June    4,    1.40  P.  M. 

40    " 

145.8 

62.5 

83.3 

84.4 

— 

2.30  P.  M. 

90    " 

13L4 

52.3 

79.1 

81.4 

— 

3.30  P.  M. 

150    '* 

123.4 

45.0 

78.9 

83.0 

6.6 

4.30  P.  M. 

210    " 

119.4 

40.5 

78.9 

84.8 

— 

Mean  85.4 

{B)   Thorium  Oxide  with  No  Heating  Current. 

June  10,  10.00  A.  M. 

30.0 

8.2 

2L8 

5.7 

"  11,    7.00  A.  M. 

3L2 

8.5 

22.7 

6.0 

"  13,    9.00  A.  M. 

27.6 

8.0 

19.6 

5.1 

"  13,  10.00  P.  M. 

26.1 

8.2 

17.9 

L5 

"  14,     1.30  P.  M. 

28.9 

8.0 

20.9 

3.9 

"  15,    1.15  P.  M. 

26.4 

9.7 

16.7 

4.8 

"  16.  10.30  A.  M. 

30.6 

7.0 

13.6 

2.4 

"  16.    5.00  P.  M. 

30.0 

7.9 

22.1 

4.8 

••   17,    L45  P.  M. 

26.7 

6.9 

19.8 

6.6 

Mean  19.5 
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Table  of  Results.  —  Continued, 

(C)    WUh  Heating  Current^  7.03  X  10-»  WaHs  Inside  Bulb, 


Wait  Be- 
tween Ces- 
sation of 
Current 
and  Read- 
ing. 

Numbers  are  cms.  on  Potentiometer  Wire,    x  cm. 
—  .049  X  IO-*  Volt. 

Time. 

Central 
Couples. 

Radial 
Couples 

x«. 

Difference. 

Corrected 
for  Wait. 

Cylinder 
Couples. 

June  19,  10.30  P.  M. 
"   21,  10.30  P.  M. 
"   21,  11.00  P.  M. 

180  min. 

60    " 

240    '* 

66.9 
79.8 
69.3 

22.8 
31.2 
2L5 

44.1 
48.6 
47.8 

46.8 
49.6 
5L9 

3.9 

(2.1) 

Mean  48.8 

(Z>)    Thorium  Oxide  with  No  Heating  Current, 


June  28,    9.00  A.M. 

26.4 

4.8 

2L2 

!      3.0 

1.00  P.  M. 

28.2 

5.5 

22.7 

— 

8.00  P.  M. 

29.4 

5.8 

23.6 

0.9 

"  29,    9.00  A.  M. 

26.5 

5.5 

2L0 

0.9 

2.30  P.  M. 

27.0 

5.5 

2L5 

LO 

July    1,    9.00  A.M. 

23.1 

6.8 

16.3 

5.0 

Mean  21.0 

(E)    With  HeaHng  Current,  7.03  X  10-»  Walts  Innde  Butt. 


July 


2,  1.45  P.  M. 

3,  2.30  P.  M. 

4,  2.00  P.  M. 

45  min. 
90    " 
90    " 

74.1 
7L1 
7L1 

24.2 
29.2 
23.5 

49.9 
47.9 
47.6 

50.7 
49.3 
49.0 

Mean  49.7, 

The  resistance  of  the  radial  set  of  couples  was  32.8  ohms  (in- 
cluding lead-wires  to  neck  of  bulb),  of  the  central  set  87.0  ohms 
(without  lead-wires). 

Setting  together  the  results  from  the  readings  given  in  the  tables, 
we  have  for  the  means,  in  terms  of  cms.  on  the  potentiometer  wire 
(i  cm.  corresponding  to  .042  x  lO""^  volt) 

Without  heating  current,  19.6 

.  With  heating  current,  7.03  X  10-5  watts  49.2 

With  heating  current,  15.25  X  10-6  watts  85.4 


That  is, 


(a)  Due  to  radioactivity  of  the  ThO„ 
{b)  Due  to    7.03  X  10-6  watts, 
\c)  Due  to  15.25  X  10-6  watts. 


19.6 
49.2  —  19.6  =  29.6 
85.4  —  19.6  =  65.8 


By  proportion  between  {a)  and  {b)  the  rate  of  heat  liberation  by 
the  thorium  oxide  is  4.66  x  io~*  watts;   from  {a)  and  {c)  it  is 
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4.54x10""*  watts,  with  a  mean  for  the  two  of  4.55  X  lO""* 
watts.  The  figures  for  the  effect  of  15.25x10""*  watts  and 
7.03  X  iO~*  watts  correspond  very  well,  as  the  ratio  of  the  watts  is 
2.17,  and  the  ratio  of  the  temperature  differences  68.8/29.6  =  2.22. 
Per  gram  of  the  thorium  oxide  used  the  rate  of  heat  liberation  is 
4.55  X  io""74,ioo  =  i.ii  X  io~*  watts,  a  Httle  more  than  a  tenth  of 
an  erg  per  second  per  gram.  Expressed  in  units  that  have  been 
often  used  by  Rutherford,  it  is  9.60  x  lO"*  gram  calories  per  hour 
per  gram.  Radium  bromide  in  its  equilibrium  state  gives  65  calories 
per  hour  per  gram.  Hence,  as  measured  by  its  total  energy  de- 
velopment, radium  bromide  in  its  equilibrium  state  is  6.8  x  lO*, 
nearly  seven  million  times  as  active  as  this  thorium  oxide. 

This  thorium  oxide  was  not  in  its  equilibrium  state,  but  much 
below  it  in  activity.  Dr.  Otto  Hahn,  of  the  University  of  Berlin, 
has  been  kind  enough  to  compare  by  ionization  test  the  activity  of 
our  oxide  with  that  of  specimens  of  which  he  knows  the  history, 
time  elapsed  since  preparation  especially,  and  it  comes  out  that  our 
oxide,  though  a  chemical  analysis  shows  it  to  be  90  per  cent.  ThO^, 
has  an  activity  only  46  per  cent,  of  ThO^  in  its  equilibrium  or 
mineral  state,  which  is  what  was  to  be  expected  if,  as  probable,  the 
thorium  was  separated  from  the  mineral  eight  or  ten  years  ago,  and 
contains  five  to  ten  per  cent,  of  impurities.  It  is  of  interest  to  esti- 
mate from  our  results  with  this  material  what  the  rate  of  heat  develop- 
ment in  a  mass  of  thorium  oxide  is  when  all  the  disintegration  prod- 
ucts are  present  in  equilibrium  amounts.  On  the  well  supported 
view  that  the  heat  development  comes  almost  wholly  from  the 
kinetic  energy  of  the  a  particles,  we  cannot  say  in  general  that  the 
heating  and  ionizing  effects  are  proportional  when  comparing  mix- 
tures of  active  substances  sending  out  a  particles  of  different  ioniz- 
ing ranges,  for  the  ionizing  power  of  an  a  particle  is  not  proportional 
to  its  kinetic  energy.     We  may  discuss  the  present  case  as  follows. 

In  the  the  thorium  oxide  as  used  was,  besides  thorium  itself, 
meso-thorium  and  radio-thorium  in  about  half  the  amounts  for 
equilibrium  with  the  thorium,  and  all  the  products  subsequent  to 
RaTh  in  equilibrium  with  it,  since  RaTh  has  a  very  slow  decay 
rate  compared  with  any  of  the  subsequent  products.  The  thorium 
itself  gives  a  rays  of  short  range  (probably  about  3   cm.  in  air). 
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the  meso-thorium  gives  ^  rays  only,  which  may  be  neglected 
in  comparison  with  the  a  rays,  while  the  RaTh  and  subsequent 
products  give  five  sets  of  a  rays,  some  of  long  range.  If  now 
we  were  to  compare  the  total  ionizing  action  of  two  samples  of 
material,  both  containing  RaTh  and  subsequent  products  in  equilib- 
rium, but  in  different  amounts,  the  comparison  would  give  us  simply 
the  relative  amounts  of  the  same  radioactive  substance  in  the  two 
samples,  and  therefore  the  ratio  of  the  rates  of  heat  development 
in  the  two  substances  would  be  the  same  as  the  ratio  of  the  ionizing 
actions.  What  we  have  actually  done  is  to  compare  the  ionization 
due  to  the  thorium  in  our  substance  plus  half  the  equilibrium  amount 
of  subsequent  products,  with  the  ionization  due  to  thorium  plus  the 
full  equilibrium  amounts  of  all  its  disintegration  products.  Since, 
however,  the  a  rays  of  the  thorium  itself  are  of  short  range,  and 
therefore  furnish  in  either  case  only  a  small  part  of  the  ionization  or 
of  the  heat,  compared  to  the  five  sets  of  more  penetrating  a  rays 
in  the  RaTh  and  subsequent  products,  it  is  evident  that  the  rates  of 
heat  development  will  be  very  nearly  in  the  ratio  of  the  ionizing 
effects,  even  if  the  ionization  due  to  a  particles  of  different  range  is 
not  closely  proportional  to  their  energy.  [The  way  will  be  open 
to  a  more  exact  discussion  of  the  matter  when  the  range  of  the  a 
particle  from  thorium  is  determined.]  We  may  say,  therefore,  that 
the  rate  of  energy  liberation  in  the  material  we  used  is  46  per  cent, 
of  the  rate  of  energy  liberation  in  thorium  oxide*  with  all  its  dis- 
integration products  present  in  equilibrium  amount.  Finally,  that 
the  rate  of  heat  development  in  old  or  mineral  thorium  oxide  is 
.96  X  io"7-46  =  2.1  X  lo""*  calories  per  hour  per  gram.  Radium 
bromide  in  its  equilibrium  state  (as  far  as  radium  C)  liberates  heat 
at  3.2  million  times  this  rate. 

Phcenix  Physical  Laboratory, 

Columbia  University, 

March  7,  1908. 
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A   STUDY   OF  DISPERSION    IN   HIGHLY  ABSORBING 
MEDIA   BY   MEANS   OF   CHANNELED   SPECTRA.^ 

By.  S.  R.  Wiluams. 

THE  discovery  of  the  phenomenon  of  anomalous  dispersion  is, 
by  some  authors,  credited  to  Fox  Talbot  *  about  the  year 
1840,  but  not  until  1862  did  le  Roux'give  quantitative  values  of 
the  indices  of  refraction  of  iodine  vapor  and  show  that  the  red  rays 
were  more  refrangible  than  the  blue. 

This  remarkable  phenomenon  seems  to  have  aroused  little  inter- 
est at  the  time  and  was  for  a  while  forgotten.  Later,  in  1 870,  Chris- 
tiansen *  published  the  results  of  his  investigations  on  the  dispersion 
of  saturated  solutions  of  alcohol  and  fuchsin,  which  substantiated  the 
work  of  le  Roux  and  showed  conclusively  that  certain  substances 
possess  the  property  of  anomalous  dispersion  in  the  visible  portion 
of  the  spectrum.  This  subject  has  since  proved  a  fruitful  field  of 
investigation.  Kundt*  who  studied  the  dispersion  of  strongly 
absorbing  media  found  that  all  bodies  showing  surface  color  pos- 
sessed what  we  ordinarily  call  anomalous  dispersion. 

He  also  observed  that  in  solutions  the  anomalous  dispersion  de- 
creases continuously  with  decrease  in  concentration.  In  this  work 
Kundt  applied  to  the  investigation  of  anomalous  dispersion  the  very 
ingenious  method  of  crossed  prisms,  due  originally  to  Newton. 
This  method  has  been  improved  by  Wood  •  who  replaced  one  of  the 
prisms  by  a  small  grating. 

Among  the  later  and  more  comprehensive  studies  of  anomalous 
dispersion  and  absorption  in  solutions  may  be  mentioned  the  inves- 

'  Presented  before  the  American  Physical  Society,  February,  1908. 

«Proc.  Roy.  Soc.,  Edinburgh,  1870-71. 

»le  Roux,  Comp.  Rend.,  55,  p.  126,  1862. 

« Christiansen,  Pogg.  Annal.,  141,  p.  470,  1870;  143,  p.  250,  1871;  146,  p.  154, 
1872. 

*  Kundt,  Pogg.  Annal.,  142,  p.  163,  1871  ;  143,  p.  259,  187I  ;  144.  p.  128,  1872  ; 
MS,  pp.  67,  164,  1872. 

•Wood,  Phil.  Mag.,  June,  1901. 
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tigations  of  Stockl/  Katz  ^  and  Claes  ; '  while  for  solid  substances 
Pfliiger/ Wood*  and  Cartmel*  have  made  important  contributions. 

After  looking  over  the  various  researches  just  mentioned  it  ap- 
peared that  anomalous  dispersion  could  be  studied  advantageously 
by  means  of  channeled  spectra,  the  use  of  which  in  determining  re- 
fractive indices  was  given  in  a  former  paper.^  This  method  admits 
of  a  detailed  study  of  closely  adjacent  portions  of  the  spectrum  as 
for  instance  the  D^  and  D^  lines,  whereas  an  investigation  of  disper- 
sion in  highly  absorbing  media  by  means  of  prisms  necessitates  very 
small  refracting  angles,  and  consequently  small  dispersion. 

The  essential  features  of  the  method  of  determining  refractive  in- 
dices by  means  of  channeled  spectra  were  as  follows  :  Light  fell  upon 
a  thin  wedge-shaped  film  of  the  substance  to  be  investigated  and  the 
two  beams,  reflected  from  the  front  and  from  the  rear  surface,  illu- 
minated the  slit  of  a  grating  spectrometer.  In  the  resulting  spectrum 
destructive  interference  occurred  for  those  wave-lengths  for  which 
the  difference  in  path  was  an  odd  number  of  half  wave-lengths,  ac- 
cording to  the  formula  for  normal  incidence, 

{2N  +   l)__  2fJLd 

—2  F' 

where  -A^is  the  difference  in  path  in  wave-lengths,  fi  the  index  of  re- 
fraction, d  the  .absolute  thickness,  and  X  the  wave-length. 

Hence  if  the  interference  bands  from  two  solutions  are  compared 
in  the  same  part  of  the  spectrum,  we  can  study  their  relative  disper- 
sion by  observing  the  relative  positions  of  bands  in  the  two  spectra. 
The  comparison  is  most  easily  made  by  introducing  the  solutions 
into  the  same  cell/one  solution  above  and  the  other  below  a  dividing 
strip  which  runs  lengthwise  of  the  cell.  In  the  photographs  the 
arrow  at  the  left  of  each  picture  indicates  the  position  of  the  dividing 
strip.  In  the  spectrum  the  upper  half  of  the  interference  bands  will 
be  due  to  one  substance  and  the  lower  half  due  to  the  other. 

^Stdckl,  Inaug.  Diss.,  Miinchen,  1900. 
*Katz,  Inaug.  Diss.,  Erlangen,  1898. 
*aaes,  Wicd.  Annal.,  3,  pp.  384-414,  1878. 

*  PflUger,  Wied.  Annal.,  65,  p.  203,  1898. 

*  Wood,  Phil.  Mag.,  June,  1901  ;  Phil.  Mag.,  1903. 
«  Cartmcl,  Phil.  Mag.,  1903. 

^Phys.  Rev.,  p.  280,  April,  1904. 
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Some  of  the  solutions  studied  in  this  paper  by  this  method  were 
the  alcoholic  solutions  of  fuchsin,  cyanine,  litmus,  eosin  and  naph- 
thalin  red,  which  Mr.  F.  J.  Bates  ^  used  in  studying  rotatory  dis- 
persion. 

The  formulae  for  rotatory  dispersion,  as  derived  from  various  dis- 
persion theories,  indicate  that,  if  in  any  medium  an  anomalous  rota- 
tion of  the  plane  of  polarization  occurs,  anomalous  dispersion  must 
also  be  present.  Mr.  Bates  made  his  solutions  of  the  same  concen- 
tration that  a  number  of  other  investigators  had  previously  used,  and 
although  they  found  anomalous  rotatory  dispersion,  he  was  unable 
to  find  it  when  corrections  were  made  for  errors  in  illumination  which 
he  has  discussed  in  his  paper.  To  substantiate  his  results  further, 
Mr.  Bates  asked  that  the  solutions  which  he  was  using  be  tested  for 
anomalous  dispersion  by  means  of  channeled  spectra,  as  this  was  a 
very  sensitive  method  for  detecting  small  changes  in  dispersion. 
Accordingly  the  interference  bands  from  thin  films  of  these  solutions 
were  compared  with  those  from  a  thin  film  of  absolute  alcohol,* 
since  in  the  study  of  the  rotatory  power  these  solutions  were  com- 
pared with  that  solvent.  None  of  the  solutions  showed  any  shift  in 
the  bands  with  respect  to  those  from  alcohol,  and  only  one  photo- 
graph is  shown.  No.  i,  Plate  I.,  for  a  solution  in  which  the  concen- 
tration was  0.0000244  gram  of  fuchsin  to  one  gram  of  alcohol. 

The  values  of  the  indices  of  refraction  of  alcohol  as  measured  by 
means  of  channeled  spectra  were  given  in  a  former  paper  ^  and 
show  no  anomalous  dispersion.  Consequently  the  absence  of  a  shift 
between  the  bands  from  alcohol  and  those  from  the  solutions 
indicates  the  absence  of  anomalous  dispersion  in  the  solutions,  which 
corroborates  the  work  of  Mr.  Bates. 

Not  finding  any  shift  in  one  set  of  bands  with  respect  to  the 
other,  in  the  solutions  at  these  concentrations,  it  was  of  interest  to 
determine  the  concentrations  for  which  shifts  occurred,  and  the 
nature  of  these  shifts.  This  was  done  for  fuchsin  by  making  up 
solutions  of  two,  three,  and  four  times  the  concentration  of  the 

1  F.  J.  Bates,  Wied.  Annal.,  317,  p.  1091,  1903. 

'  For  a  discussion  of  the  detection  of  anomalies  when  two  dispersive  substances  are 
compared,  the  reader  is  referred  to  a  paper  by  the  late  Professor  D.  B.  Brace,  Phys.  Rev., 
November,  1905. 

*Loc.  cit. 
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original  solutions.  Photographs  are  shown  in  Figs.  2,  3  and  4  of 
Plates  I.  and  II. 

In  Fig.  2  there  is  an  irregularity  in  some  of  the  bands  between 
D^  and  ^^  but  not  enough  to  prove  an  actual  shift.  In  Figs.  3  and  4 
the  shift  is  unquestionable,  Fig.  4  showing  a  greater  displacement  than 
Fig.  3.  Between  wave-lengths  5528.6  and  5896.1,  the  lower  half 
of  the  bands  due  to  the  fuchsin  solutions  appear  to  be  displaced 
toward  the  red  end  of  the  spectrum  with  respect  to  the  upper  half 
of  the  bands  from  the  alcohol  films.  Between  wave-lengths  S447.0 
and  4383.7  the  shift  is  in  the  opposite  direction. 

The  orders  of  interference  were  determined  for  various  wave- 
lengths in  the  two  media,  the  difference  for  any  particular  wave- 
length giving  the  shift  in  fractions  of  a  band. 

In  the  following  tables  the  wave-lengths  are  given  in  the  first 
column,  the  orders  of  interference  for  alcohol  and  fuchsin  solutions  in 
the  second  and  third  respectively  and  their  differences  in  the  fourth. 
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In  curves  I.  and  II.,  Fig.  i,  are  plotted  with  wave-length,  the 
shifts  for  the  two  concentrations  corresponding  to  photographs  3 
and  4  respectively  (Plate  II.).  The  shift  has  been  drawn  on  a  large 
scale  as  compared  with  the  wave-length  and  of  course  the  errors  in 
measuring  the  shift  are  correspondingly  magnified. 

An  inspection  of  the  curves  reveals  some  interesting  results. 
First,  the  dispersion  curves  of  fuchsin  solutions  have  maxima  and 
minima  which  other  investigators,  using  prismatic  methods,  have 
overlooked.  Secondly,  if  we  had  an  equally  sensitive  method  for 
measuring  the  absorption  of  fuchsin  in  this  region,  we  should  find 
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the  absorption  band  made  up  of  several  maxima  very  close  together, 
while  in  the  absorption  curve  of  fuchsin  given  by  Cartmel^  it 
appears  to  be  a  broad  single  maximum. 

Table  I. 

Fuchsin  Dissolved  in  Alcohol,     0.000072  Part  of  Fuchsin  to  One  of  Alcohol  by  Weight. 
Compare  with  Photograph  3»  Plate  II. 


Wave-length. 

Alcohol. 

Fuchsin. 

Shift. 

6.1975  Xia-»  cms. 

2551.71 

2551.71 

.00 

S.8961 

2657.50 

2657.50 

.00 

5.7912 

2706.50 

2706.63 

.13 

5.7250 

2744.64 

2744.77 

.13 

5.6589        «' 

2770.87 

2771.07 

.20 

5.6169        " 

2792.74 

2792.90 

.16 

5.6031 

2798.99 

2799.07 

.08 

5.5286 

2837.35 

2837.35 

.00 

5.4470        " 

2880.50 

2880.50 

.00 

5.3285 

2945.93 

2945.84 

-.09 

5.2270        " 

3004.33 

3004.21 

-.12 

5.1728 

3036.42. 

3036.32 

-.10 

4.9577 

3170.88 

3170.77 

-.11 

4.8615        " 

3235.00 

3234.88 

-.12 

4.6548         " 

3372.43 

3372.43 

.00 

4.3837         " 

3578.83 

3578.83 

.00 

Table  II. 

Fuchsin  Dissolved  in  Alcohol.     0.000096  Part  of  Fuchsin  to  One  of  Alcohol  by  Weight. 
Compare  with  Photograph  4,  Plate  II. 


Wave-length. 

Alcohol. 

Fuchsin. 

Shift. 

6.5630  X10-»  cms. 

2362.89 

2362.89 

.00 

6.1035 

2544.00 

2544.00 

.00 

5.8961         " 

2635.27 

2635.34 

.07 

5.7912 

2684.00 

2684.15 

.15 

5.7095 

2721.91 

2722.08 

.17 

5.6589 

2747.91 

2748.16 

.25 

5.6169 

2769.08 

2769.25 

.17 

5.6031        " 

2776.00 

2776.17 

.17 

5.5286 

2813.18 

2813.18 

.00 

5.4470 

2856.81 

2856.81 

.00 

5.3285 

292L38 

292L02 

-.36 

5.2270        " 

2979.00 

2978.64 

-.36 

5.1728         " 

3010.94 

3010.59 

-.35     • 

4.9577 

3144.42 

3144.03 

-.39 

4.8615         " 

3207.88 

3208.45 

-.43 

4.6548         " 

3344.27 

3343.93 

-.34 

4.3837         " 

3548.73 

3548.41 

-.32 

*Loc.  cit. 
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Moreover,  the  point  where  the  dispersion  curve  of  the  solution 
of  fuchsin  cuts  the  dispersion  curve  of  alcohol,  does  not  agree  with 
that  found  by  Stockl.  He  showed  that  all  concentrations  of 
fuchsin  solutions  have  the  same  point  of  intersection  of  the  dis- 
persion curve  as  solid  fuchsin,  although  he  also  showed  that  with 
increase  of  concentration,  there  is  a  shifting  of  the  maximum  of  ab- 
sorption toward  shorter  wave-lengths.  Of  course  any  discrepancy 
between  observations  may  be  attributed  to  differences  in  the 
samples  of  fuchsin  as  it  is  a  compound  which  varies  considerably. 
The  fuchsin  used  in  this  work  was  the  same  as  that  employed  by 
Bates  and  Cartmel,  and  was  obtained  from  the  same  source  as  that 
used  by  Pfliiger,  to  whose  work  Stockl  referred  his  results. 

In  the  photographs  the  smallest  shift  of  bands  measured  was  .07 
of  a  band,  a  shift  apparent  to  the  naked  ey^.  For  the  order  of 
interference  used  this  represents  a  change  of  about  0.00008  in  the 
index  of  refraction  of  the  solution  as  compared  with  that  of  alcohol, 
the  indices  of  refraction  of  which  were  given  in  a  former  paper. 
Even  in  the  solution  whose  concentration  is  four  times  that  of  the 
original,  no  anomalous  dispersion  is  present. 

As  a  method  of  comparison,  channeled  spectra  offer  decided  ad- 
vantages in  studying  the  relative  dispersion  in  two  substances.  The 
solutions  are  introduced  into  the  cell  and  any  slight  shift  of  one  set 
of  bands  with  respect  to  the  other  is  at  once  noticeable  as  one  passes 
through  the  spectrum  with  the  observing  telescope.  If  quantitative 
measurements  are  wanted,  it  is  found  most  convenient  to  photograph 
the  spectra  and  afterwards  measure  the  photographs. 

It  is  hoped  that  this  method  may  further  be  used  in  studying  the 
influence  of  changes,  both  in  the  index  of  refraction  and  of  the 
concentration  of  the  solvent,  on  the  shift  of  the  absorption  bands,  a 
subject  concerning  which  very  little  is  known  either  theoretically  or 
experimentally. 

The  experimental  data  for  this  paper  were  obtained  in  the 
Physical  Laboratory  of  the  University  of  Nebraska,  at  the  sug- 
gestion of  the  late  Professor  Brace,  of  whose  interest  and  advice  in 
this  work  the  author  has  very  pleasant  recollections. 

Barnard  College, 

Columbia  University, 
New  York  City. 
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A  STANDARD  BATTERY. 
By  G.  a.  Hulett. 

IN  working  with  a  potentiometer  considerable  inconvenience  was 
occasioned  by  the  variations  in  the  batteries  used.  Storage 
batteries  gave  a  fairly  constant  current  for  certain  portions  of  the 
discharge,  but  during  long  continued  observations  it  was  necessary 
to  frequently  refer  to  the  standard  cell  and  make  the  necessary 
change  in  the  regulating  resistance.  This  inconvenience  has  been 
obviated  by  the  use  of  some  batteries  which  have  given  an  exceed- 
ingly constant  current  and  have  practically  no  temperature  coefficient. 
Since  these  batteries  may  be  of  use  in  many  lines  of  work,  where  a 
small  but  steady  current  is  needed,  it  has  seemed  well  to  describe 
them. 

In  1903  Mr.  Eldward  Weston  patented  a  combination  —  Cd 
amalgam  cadmium  sulphate  solution  HgjSO^Hg  —  which  had  an 
exceedingly  small  temperature  coefficient  and  has  been  known  as  the 
Weston  cell.  This  is  a  secondary  standard  and  when  calibrated 
served  admirably  as  a  laboratory  instrument  for  giving  a  definite 
E.M.F.  which  was  independent  of  ordinary  temperature  variations. 
This  unsaturated  cell,  or  the  saturated  cadmium  standard  cell,  cannot 
be  used  as  a  battery,  due  partly  to  the  form  and  dimensions  given 
to  it,  but  more  particularly  to  the  irregular  cathode  reactions.  Con- 
siderable evidence  has  been  obtained  by  the  author,*  showing  that 
the  cathode  system  of  these  cells  (CdSO^  1^20,  Hg^SO^,  Hg  solu- 
tion) was  in  unstable  equilibrium  and  it  was  concluded  that  the 
cathode  was  not  a  reversible  electrode.  In  studying  this  system  by 
the  rotation  experiments,  it  was  found  that  the  presence  of  a  certain 
amount  of  sulphuric  add  caused  the  system  to  come  to  equilibrium 
at  once.  It  had  been  assumed  that  the  neutral  cadmium  sulphate 
solution  hydrolyzed  the  mercurous  sulphate  and  formed  a  basic  salt 
which  was  responsible  for  slow  changes  in  the  E.M.F.  of  the  cell, 
it  was  therefore  expected  that  the  sulphuric  acid  would  have  the 
effect  observed. 

'Phys.  Rev.,  22,  321  ;  23,  166;  25,  16. 
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It  seemed  therefore  that  it  was  only  necessary  to  add  a  certain 
amount  of  sulphuric  acid  to  the  cell  to  make  it  completely  reversi- 
ble, and  when  a  special  arrangement  was  devised  by  which  large 
electrode  areas  were  obtained  it  was  found  possible  to  construct 
batteries  which  were  quite  reproducible  and  especially  was  it  found 
that  the  mercurous  sulphate  could  be  made  in  the  battery  after  it 
was  set  up,  that  is,  it  could  be  charged  and  the  troublesome  manipu- 
lations of  preparing  and  washing  the  depolar- 
izer entirely  obviated.  A  great  many  forms 
have  been  tried,  but  for  simplicity  and  effective- 
ness the  form  represented  by  Fig.  i  has  given 
the  best  results. 

A  low  form  salt  mouth  bottle  about  8  cm. 
in  diameter  with  a  neck  diameter  of  5  cm., 
was  provided  with  a  paraffined  cork.  The 
cork  was  perforated  by  two  holes  and  served 
to  hold  the  anode  cup  A  and  the  tube  B 
through  which  contact  with  the  mercury 
cathode  K  was  made.  Resting  on  the  merc- 
ury and  surrounding  the  anode  cup  was  a  50 
per  cent,  solution  of  cadmium  sulphate  to 
which  was  added  i  per  cent,  of  sulphuric  acid.  By  passing  a 
current  in  through  the  mercury  electrode  K,  mercurous  sulphate 
was  formed  and  cadmium  deposited  in  the  amalgam  in 
the  anode  cup.  It  was  found  advisable  to  keep  the 
solution  stirred  while  charging. 

All  the  materials  for  these  batteries  were  at  hand 
except  the  anode  cups  and  they  were  not  very  difficult 
to  make.  A  thin-walled  tube,  4  cm.  in  diameter,  was 
closed  at  one  end  so  that  the  bottom  was  flat  (Fig.  2) 
and  in  the  middle  on  the  inside  of  this  flat  bottom  was 
sealed  the  little  tube  C.  Before  this  tube  was  sealed 
on  a  small  platinum  wire  was  stuck  to  its  end  so  that 
afler  the  seal  was  made  the  platinum  wire  extended 
from  the  inside  of  the  tube  out  into  the  cup  in  order 
to  make  contact  with  the  amalgam  and  a  little  mer- 


V 


Fig.  2. 


cury  which  was  placed  inside  the  tube  for  contact  with  the  lead 
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wire.  The  large  tube  was  now  cut  off  at  />,  3  or  4  mm.  above  the 
end,  with  a  cracking  coal.  (Common  watch  glasses  were  found  to 
be  of  the  right  shape  and  size  for  the  anode  cups,  but  in  fusing  on 
the  glass  tube  for  a  holder  it  was  found  that  these  watch  glasses 
were  not  soda  glass.  Recourse  was  had  to  fusing  two  of  these 
glasses  together  at  the  ground  edge  and  drawing  them  out  into 
tubing  which  was  used  to  fuse  into  other  watch  glasses  and  thus 
very  serviceable  cups  were  made.)  These  cups  were  filled  with  a  1 2  ^ 
per  cent  amalgam  and  the  stem  fastened  into  the  cork  with  wax  so 
that  the  bottom  of  the  cup  was  about  2  cm.  above  the  bottom  of 
the  bottle  when  the  cork  was  in  place.  With  this  arrangement  the 
electrodes  were  close  together  and  the  cadmium  sulphate  formed  at 
the  anode  readily  diffused  over  into  the  solution  and  thus  concentra- 
tion changes  were  minimized. 

The  bottom  of  the  bottle  was  covered  with  mercury  to  a  depth 
of  J^  cm.  and  on  this  was  placed  the  electrolyte  to  a  depth  of  4  or 
5  cm.  This  electrolyte  was  made  by  adding  10  c.c.  of  strong 
sulphuric  acid  (sp.  gr.  1.84)  to  a  liter  of  water  and  in  this  was  dis- 
solved an  equal  weight  of  cadmium  sulphate  crystals  (ordinary  c.p. 
CdSO^  f  H,0).  For  example  200  grams  of  the  crystals  were 
powdered  and  dissolved  in  200  c.c.  of  the  dilute  sulphuric  acid 
solution  which  made  250  c.c.  of  the  electrolyte,  just  enough  for  one 
battery.  The  rate  of  solution  was  very  slow  and  a  motor  driven 
stirrer  was  generally  used  to  bring  the  salt  into  solution.  In  form- 
ing the  mercurous  sulphate  electrolytically  in  the  battery  there  is 
some  danger  of  forming  a  small  amount  of  a  basic  salt  at  the 
mercury  electrode  unless  the  solution  is  stirred,  the  stirring  was 
easily  accomplished  by  giving  the  battery  a  rotary  motion  with  the 
hand  and  then  a  current  of  one  ampere  to  50  cm.*  mercury  surface 
was  used  and  in  20  minutes  suf5ficient  mercurous  sulphate  had 
formed.  Due  to  the  rapid  deposition  of  cadmium  there  was  a 
tendency  for  the  amalgam  to  grow  over  the  edge  of  the  anode  cup 
during  the  charging,  this  growth  was  carefully  brought  back  into 
the  cup.  In  some  cases  the  charging  was  done  before  the  anode 
cup  was  adjusted,  a  platinum  spiral  was  hung  in  the  electrolyte 
and  a  wire,  protected  from  the  electrolyte,  made  contact  with  the 
mercury,  and  then  a  motor-driven  stirrer  was  used  while  the  mer- 
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curous  sulphate  was  being  formed.  These  batteries  have  been 
charged  from  time  to  time  as  the  surface  of  the  mercury  became 
exposed  at  any  point,  also  occasional  stirring  .kept  the  mercurous 
sulphate  uniformly  distributed  over  the  mercury. 

The  first  batteries  were  made  in  April,  1906,  the  electrolyte  was 
neutral  cadmium  sulphajte  and  the  mercurous  sulphate  was  made 
and  washed  in  the  usual  way.  Two  of  these  batteries  were  used  in 
series  on  the  potentiometer,  but  in  a  few  months  they  began  to  show 
a  rapidly  decreasing  E.M.F.  and  could  no  longer  be  used,  although 
there  was  still  plenty  of  mercurous  sulphate  on  the  mercury  cathodes. 
The  electrolyte  was  then  made  acid,  with  sulphuric  acid,  and  the 
batteries  soon  regained  their  normal  value  and  have  now  been  in  use 
on  the  potentiometer  circuit  for  about  two  years  and  have  required 
very  little  attention.  They  are  compact,  clean  and  easily  insulated, 
so  are  particularly  convenient  for  the  potentiometer  installation  sug- 
gested by  Walter  P.  White.  ^ 

The  first  attempt  to  make  the  mercurous  sulphate  in  the  batteries 
was  in  the  case  of  batteries  Nos.  III.,  IV.  and  V.,  which  were  made 
in  small  bottles  with  a  cathode  area  of  20  cm.*,  No.  III.  was  charged 
with  a  current  of  .185  amp.  for  20  minutes  and  shortly  after  break- 
ing the  circuit  it  showed  1.02205  volts. 


In  30  minutes 

1.02222  ^ 

irolt 

2  hours 

1.02226 

i< 

6  hours 

1.02214 

i( 

2  days 

1.02212 

(( 

3  days 

1.02215 

<< 

These  observations  were  taken  as  the  battery  stood  in  the  labora- 
tory subjected  to  ordinary  temperature  changes.  On  closing  this 
battery  over  a  resistance  of  100,000  ohms,  it  immediately  took  up 
the  value  of  1.02200  and  remained  perfectly  constant  for  20  minutes 
when  the  resistance  was  lowered  to  50,000  ohms  and  then  the 
voltage  at  the  battery  terminals  very  soon  dropped  to  1.02 187, 
over  40,000  ohms  the  voltage  was  1.02 180,  over  30,000  1.02 170, 
over  20,000  1.02151  and  over  10,000  ohms  it  showed  i. 02100 
volts.  When  left  on  this  last  resistance  for  an  hour  the  voltage 
showed  a  change  of  only  4  in  the  fifth  place  decimal  as  it  slowly 

*Phys.  Rev.,  25,  342. 
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decreased  to  1.02096  volts.  On  increasing  the  resistance,  reversing 
the  order  just  given,  the  voltages  assumed  their  steady  values  for 
each  resistance  even  more  rapidly  than  on  decreasing  the  resistances 
and  there  was  very  little  hysteresis  as  the  constant  values  observed 
were  only  slightly  lower  than  those  just  given.  The  internal  re- 
sistance of  this  battery  was  6.2  ohms,  so  there  was  some  flight 
polarization.  For  accurate  and  long  continued  work  it  has  been 
found  most  satisfactory  to  use  100  cm.*  cathode  surface  to  io,coo 
ohms ;  of  course  very  much  less  resistance  may  be  used,  but  then 
a  very  slow  drift  is  noticed.  No  harm  was  done  one  of  these  bat- 
teries by  directly  short-circuiting  the  terminals  for  some  time,  for  it 
soon  regained  its  E.M.F.  when  the  circuit  was  broken,  and  had  only 
lost  some  mercurous  sulphate  which  was  easily  restored. 

Some  very  large  batteries  of  this  type  have  been  made  by  Mr.  B. 
J.  Spence  for  the  purpose  of  obtaining  a  steady  current  for  a  bol- 
ometer in  infra-red  radiation  measurements.  Large  battery  jars 
which  allowed  a  mercury  surface  of  340  cm.*  were  used.  The 
wooden  cover  of  the  jar  supported  the  four  anode  cups,  each  of  5 
cm.  diameter.  One  and  a  half  liters  of  the  acid  cadmium  sulphate 
solution  and  about  1 50  gr.  of  mercurous  sulphate  were  put  into  each 
of  these  batteries,  later  they  have  been  charged  at  a  low  current 
density  without  stirring.  The  cover  of  these  batteries  should  also 
be  provided  with  an  '*  L  "  shaped  stirrer  so  arranged  that  the  arm 
would  pass  close  to  the  surface  of  the  mercury  and  with  stirring  the 
charging  could  be  done  in  a  short  time  with  no  danger  of  forming 
the  basic  salt.  The  first  battery  made  by  Mr.  Spence  showed  a 
voltage  of  1.02206,  wtth  an  internal  resistance  of  less  than  one  ohm, 
when  closed  over  resistances  the  electrode  potential 

dropped  to  1.01691  for  100  ohms. 
1.01535   **    90     " 
1.01451   **    80      " 
1.01196   *«    60      " 
1.00690  "40     "    <^ 
1.99196  "    20     "       ' 

When  left  on  the  20  ohms  for  one  half  an  hour  the  p.d.  was 
.99190.  Four  of  these  large  batteries  have  been  made  and,  joined 
in  parallel  have  been  furnishing  a  current  of  .150  amp.  for  bolometer 
work  and  have  shown  a  constancy  that  was  entirely  unattainable 
with  storage  batteries. 
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The  following  observations  have  been  made  on  three  of  the  small 
batteries : 


No.  III. 

No.  IV. 

No.V. 

February  12 

1.02194 

1.02190 

''        16 

1.02187 

1.02177 

1.02198 

"       23 

1.02180 

1.02150 

1.02148 

March        6 

1.02155 

1.02118 

1.02122 

During  this  period  these  batteries  had  been  used  for  various  pur- 
poses, where  a  small  current  was  needed,  and  they  were  subjected 
to  ordinary  temperature  variations,  but  had  not  been  charged  except 
when  made.  It  would  seem  from  the  experience  so  far  gained  that 
the  value  of  these  batteries  was  the  same  whether  the  mercurous 
sulphate  was  made  and  washed  in  the  usual  way  or  made  electro- 
lytically  in  the  batteries.  They  are  reproducible  to  better  than  one 
part  in  i,ooo,  regardless  of  ordinary  temperature  changes,  and  the 
E.M.F.  is  I.022  volts  (Clark  cell  at  15°  =  1.4330  v.).  When 
calibrated  they  have  served  for  exact  measurements  of  E.M.F.  or  for 
furnishing  a  small  current.  With  a  bridge  of  known  resistance  and 
a  large  regulating  resistance,  small  electromotive  forces  may  be 
accurately  measured  by  the  null  method  and  with  simple  apparatus. 
Princeton  University, 
April,  1908. 
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IONIZATION  IN  CLOSED  VESSELS. 

By  W.  W.  Strong. 

Introduction. 

GEITEL  ^  and  C.  T.  R.  Wilson  *  were  the  first  to  show  that  gases 
in  closed  vessels  have  the  power  to  conduct  electricity  to  a 
slight  extent  and  hence  are  slightly  ionized. 

This  ionization  may  be  due  to  one  or  more  of  four  causes, 
namely :  (i)  a  spontaneous  ionization  of  the  enclosed  gas  itself; 
(2)  the  presence  of  radioactive  substances  in  the  gas  or  in  the  walls 
of  the  vessel ;  (3)  a  penetrating  radiation  (and  secondary  radiations 
which  may  be  excited  by  this)  coming  from  outside  the  vessel ;  (4) 
intrinsic  radiations  coming  from  the  walls  of  the  vessel  and  charac- 
teristic of  the  material  forming  the  walls. 

At  the  present  time  it  is  believed  that  the  spontaneous  ioniza- 
tion of  the  gas  is  very  small  if  it  exists  at  all.  Radioactive  sub- 
stances have,  however,  been  found  in  the  air,  in  gases  dissolved  in 
the  waters  of  springs,  in  various  minerals,  rocks  and  soils.  The 
metals,  especially  lead,  are  known  to  contain  minute  traces  of  radio- 
active impurities.  The  surfaces  of  bodies  exposed  to  the  air  are  found 
to  gather  a  layer  of  radioactive  substances  upon  their  surfaces. 
A  penetrating  radiation '  resembling  the  y  radiation  has  been  dis- 
covered. The  work  of  Campbell,*  Wood  and  others  indicate  that 
each  of  the  various  metals  emits  radiations  peculiar  to  itself. 

When  this  investigation  was  commenced  it  was  considered  by 
Eve  *  and  others  that  it  was  probable  that  a  large  part  of  the  pene- 
trating radiation  was  due  to  radioactive  products  in  the  ground,  and 
was  constant  in  amount  If  then  any  cause  produced  a  change  in 
the  ionization  within  a  closed  vessel,  this  change  should  not  be  dif5fi- 

*  Phys.  Zeit.,  2,  116,  1900. 

«Proc  Camb.  Phil.  Soc,  II.,  52,  1900. 

•  McClennan  and  Burton,  Phys.  Rkv.,  No.  3,  1903.    Cooke,  Phil.  Mag. ,  p.  403, 1903. 
*Phil.  Mag.,  p.  206,  1906. 

*Phil.  Mag.,  p.  189,  1906. 
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cult  to  detect.  It  was  thought  that  if  an  electroscope  was  lined 
with  iron  (French  rolled  steel  was  used  in  one  case)  and  placed  in 
a  magnetic  field,  then  this  magnetic  field  might  induce  powerful 
enough  fields  about  the  iron  atoms  to  modify  their  natural  radio- 
activity if  they  possessed  any.  Also  if  the  enclosed  gas  was  mag- 
netic, the  magnetic  field  would  slightly  change  the  amount  of 
energy  necessary  to  ionize  the  molecules.*  It  was  found  that  the 
ionization  in  an  electroscope  as  measured  by  the  rate  of  leak  was 
less  in  a  magnetic  field  and  that  this  effect  was  larger  when  the 
field  was  first  applied.  But  it  was  found  that  the  variation  of  the 
rate  of  leak  of  the  electroscope  was  so  large  as  to  make  the  effect 
of  the  magnetic  field  questionable.  In  order  to  continue  the  work 
on  the  effect  of  a  magnetic  field  it  became  necessary  to  study  the 
variations  of  the  ionization  in  closed  vessels,  its  cause  and  how  it 
can  be  kept  constant. 

I.  Description  of  the  Electroscopes. 

One  type  of  electroscope  that  the  writer  is  using  is  the  Wilson 
form  described  in  Rutherford's  Radioactivity  (p.  86).  The  other 
kind  consists  of  a  charged  wire  bent  into  the  form  of  an  arc  and 
along  which  an  earthed  gold  leaf  moves  as  the  potential  of  the  wire 
is  changed.     This  form  of  electroscope  will  be  described  shortly. 

Most  of  the  Wilson  electroscopes  were  made  of  glass  vessels  12.5 
cm.  high  and  10  cm.  in  diameter,  having  a  volume  of  one  liter. 
These  were  washed  with  water  and  acids  and  lined  either  upon  the 
inside  or  outside  with  metal  foil.  One  that  has  been  used  a  great 
deal  was  lined  with  aluminium  foil  upon  the  inside.  Windows  were 
made  in  the  aluminium  and  circular  scales  were  fastened  upon  the 
inside,  and  upon  opposite  sides  of  the  gold  leaf.  By  reading  the  same 
number  on  each  scale,  parallax  was  avoided.  Sulphur  was  used  as 
an  insulator  in  all  cases.  Before  putting  sulphur  upon  a  metallic 
surface,  the  metal  was  coated  with  pieces  of  hard  rubber.  These 
pieces  of  hard  rubber  were  stuck  on  while  they  were  hot  and  ad- 
hered to  the  metal  very  well.  The  sulphur  was  then  flowed  about 
the  pieces  of  hard  rubber. 

The  gold  leaf  was  cut  with  the  sharp  edge  of  a  piece  of  cane,  the 

*  Langevin,  Jour,  de  Phys.,  Oct.,  1905. 
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leaf  having  previously  been  spread  upon  a  soft,  smooth  cushion  of 
chamois  leather  kindly  given  me  by  a  gold-beater.  This  method  is 
a  quick  ahd  easy  one.  Strips  3  or  4  cm.  long  and  .2  or  .3  mm. 
wide  can  easily  be  cut.  By  pressing  the  ends  together,  strips  as 
long  as  one  wishes  can  be  made. 


Fig.  1. 

The  accompanying  figure  shows  the  cross-section  of  a  curved 
electrode  electroscope  briefly  described  in  Science,  p.  522,  April  5, 
1907.  The  dimensions  of  the  electroscope  are  12.9  x  20.1  x  lo.i 
cm.  R  shows  some  rough  pieces  of  hard  rubber  upon  which  the 
sulphur  5  was  flowed.    AB  is  a  soft  iron  bar,  and  abc  is  a  copper  wire. 
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AB  is  II. 7  cm.  long  and  .528  cm.  in  diameter;  abc  was  16  cm. 
long  and  .060  cm.  in  diameter.  The  gold  leaf  was  6  cm.  long,  and 
is  represented  hy  gg/  The  inside  of  the  electroscope  is  lined  with 
sheet  iron,  the  surface  of  which  was  polished  with  emery  cloth. 

AB  is  charged  by  means  of  a  screw  MdSid  wire  MO.  A  small 
spark  gap  at  0  can  be  made  larger  or  smaller  according  as  M  is 
screwed  up  or  down.  When  the  spark  gap  is  of  convenient  length 
sealing  wax  can  be  flowed  about  Msind  the  electroscope  will  then 
be  air-tight.  Pis  a  glass  tube  and  Q  a  rubber  plug.  LL  are  spirit 
levels.  The  gold  leaf  gg  is  always  earthed.  As  the  potential  of 
AB  abc  is  raised,  the  gold  leaf  rises  along  the  path  c'b'a'.  By 
properly  curving  cba^  the  electroscope  may  be  made  very  sensitive. 
There  are  two  small  windows  to  the  electroscope  and  cba  is  placed 
close  enough  to  the  one  window  so  that  the  gold  leaf  will  be  in  the 
focus  of  the  reading  micrometer  microscope.  Upon  the  window  are 
placed  threads  so  that  the  various  parts  of  the  path  of  the  gold  leaf 
along  c'b'a'  are  marked.  In  most  of  the  work  a  path  of  about  .5 
cm.  length  was  used.  For  this  length  of  path  the  motion  of  the 
gold  leaf  was  almost  linear  so  that  the  micrometer  eyepiece  thread 
when  once  set  parallel  to  the  edge  of  the  gold  leaf,  remained  so  over 
a  considerable  portion  of  the  path.  Readings  were  taken  by  making 
the  eyepiece  thread  tangent  to  a  given  projection  on  the  edge  of  the 
gold  leaf. 

The  advantages  of  the  curved  electrode  electroscope  are  :  (i)  the 
gold  leaf  always  turns  so  that  its  plane  is  parallel  to  the  plane  of  the 
curved  electrode.  As  the  curved  electrode  is  made  parallel  to  the 
window,  all  parts  of  the  gold  leaf  will  be  in  the  perfect  focus  of  the 
reading  microscope  at  the  same  time  if  this  is  perpendicular  to  the 
window ;  (2)  as  the  gold  leaf  is  earthed  and  the  curved  electrode 
may  be  made  firm,  the  gold  leaf  may  be  placed  as  near  the  window 
as  one  likes  and  short  focus  reading  microscopes  may  be  used ;  (3) 
the  electroscope  is  always  horizontal  and  may  easily  be  set  up ;  (4) 
the  sensibility  may  be  made  very  large  if  the  curved  electrode  is 
properly  curved  and  has  a  small  capacity ;  (5)  the  calibration  curve 
is  a  straight  line  over  a  considerable  portion  of  the  path  if  the  elec- 
trode is  bent  into  the  form  of  a  circular  arc.  The  disadvantages 
are  that  the  instrument  is  a  gravity  instrument  and  the  gold  leaf  is 
subject  to  air  currents  and  radiometric  effects. 
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II.  Constancy  of  the  Rate  of  Leak  of  Screened 
Electroscopes. 
It  was  found  during  the  course  of  the  work  that  the  rate  of  leak 
in  closed  vessels  was  much  more  constant  when  the  external  pene- 
trating radiation  was  cut  off  by  lead  and  iron  screens.*  A  combina- 
tion of  lead  and  iron  screens  was  used  in  order  to  be  certain  of 
cutting  off  both  kinds  of  the  radium  x  radiations,  as  described  by 
Kleeman.* 


As  an  example  showing  the  constancy  of  the  rate  of  leak  when 
the  electroscope  is  screened,  some  readings  made  with  the  aluminium- 
lined  liter  electroscope  will  be  given.  This  is  one  of  the  electro- 
scopes previously  described.  Fig.  2  gives  the  voltage  of  the  gold 
leaf  for  given  divergences  in  scale  divisions.  It  also  gives  the  rate 
of  leak  in  scale  divisions  per  second  when  the  electroscope  was  sur- 
rounded with  lead  and  iron  screens  6  to  8  cm.  in  thickness.  This 
rate  of  leak  was  found  to  be  entirely  independent  of  external  condi- 
tions and  was  constant  for  any  part  of  the  scale.  The  rate  of  leak 
was  never  found  to  be  less  than  the  values  given  in  Fig.  2  under 
any  conditions  of  screening.     It  therefore  seems  to  be  very  proba- 

*  Science,  July  12,  1907. 
*Phil.  Mag.,  Nov.,  1907. 
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ble  that  this  rate  of  leak  is  due  to  radiations  from  the  walls  of  the 
electroscope.  All  other  variations  in  the  rate  of  leak  must  be  due 
to  external  causes.  If  the  rate  of  leak  for  any  part  of  the  scale 
under  given  conditions  is  divided  by  the  rate  of  leak  for  the  same 
part  of  the  scale  as  given  by  Fig.  2,  the  result  will  give  the  number 
of  times  the  rate  of  leak  is  greater  than  .0000 1  o  scale  divisions  per 
second. 

The  capacity  of  the  electrode  and  gold  leaf  was  approximately 
.85  cm.  The  rate  of  leak  of  the  screened  electroscope  between  the 
values  o  and  3  on  the  scale  corresponds  to  the  generation  of  7  ions 
per  cu.  cm.  per  second  using  the  value  of  6.5  (lo)"^"  electrostatic 
units  for  the  charge  on  an  ion.  One  can  thus  reduce  all  readings 
to  ions  generated  per  cu.  cm.  per  second.  In  the  fourth  column 
of  the  following  tables,  .000010  is  equivalent  to  the  current  that 
would  be  carried  when  7  ions  are  formed  per  c.c.  per  second,  there 
being  a  saturation  current. 
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Fig.  3. 

Fig.  3  was  taken  January,  1908.  The  rate  of  leak  was  also 
found  in  a  cistern  of  rain  water  for  the  same  electroscope.  The 
cistern  was  dug  in  the  ground  and  was  large  enough  so  that  there 
was  at  least  four  feet  of  water  in  all  directions  about  the  electro- 
scope. The  electroscope  was  suspended  vertically  all  the  time.  In 
the  readings,  the  value  .000010  for  the  rate  of  leak  in  scale  divi- 
sions per  second  indicates  that  all  the  penetrating  radiation  has  been 
screened  off.     With  the  exception  of  the  reading  made  on  Sep- 
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tember  1 1,  it  is  to  be  noted  that  these  readings  are  almost  exactly 
the  same  as  those  made  with  the  electroscope  enclosed  in  lead 
screens. 

Table  I. 

EUctrostopt  in  Cisiim. 


I. 

II. 

III. 

IV. 

Lrficftl  Mean  Time. 

Position  of  Qald  Leaf. 

Leak  in  Scale  Divi- 
•iona  Per  Second. 

III.  Divided  by  the 
SenaibUity. 

Sept  10,  1907. 

lObrs.    4'A.M. 

7.1S 

.0 

3   •'   41'  P.  M. 

6.20 

.000035 

.0000103 

ScpL  11,  1907. 

6  hrs.  47'  A.  M. 

4.57 

.000037 

.0000130 

1   "     y  P.  M. 

4.07 

.000022 

.0000105 

6   "    15'  P.  M. 

3.65 

.000029 

.0000107 

Sept  12,  1907. 

7  hrs.    I'A.  M. 

2.78 

.000019 

.0000118 

Sept  13,  1907. 

9  hrs.    2'A.M. 

1.65 

.000012 

.0000098 

S   "    28^  P.  M. 

1.25 

.000012 

.0000101 

Sept  14,  1907. 

8  hrs.  36'  A.  M. 

.60 

.000012 

.0000105 

Average 

.0000106 

During  the  night  of  September  lo  there  was  a  heavy  thunder- 
storm and  a  considerable  amount  of  fresh  rain  water  ran  into  the 
cistern.  As  rain  is  known  to  carry  down  radioactive  products 
mostly  derived  from  radium,  it  is  quite  likely  that  these  products 
caused  the  increased  rate  of  leak.  On  account  of  the  short  period 
of  these  products  their  effect  soon  vanishes.  It  is  interesting  to 
note  that  this  method  might  give  an  approximate  result  for  the 
amount  of  radium  in  the  air.  Knowing  the  height  from  which  the 
rain  fell,  and  supposing  all  the  active  deposit  to  be  carried  down, 
one  could  calculate  the  volume  of  air  from  which  the  active  deposit 
was  formed.  From  the  increased  rate  of  leak  one  could  calculate 
the  amount  of  radium  products  in  the  rain  water  and  all  the  data 
necessary  would  be  known. 

III.   Variation  of  the  Rate  of  Leak  of  Unscreened 
Electroscopes. 
When  electroscopes  are  not  screened  the  rate  of  leak  is  subject 
to  wide  variations.     For  small  metallic  electroscopes  these  vari- 
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ations  are  not  large,  but  for  large  electroscopes  the  variations  are 
much  greater.  One  of  the  most  marked  examples  of  these  variations 
will  now  be  given. 

During  the  summer  of  1907  the  aluminium-lined  electroscope 
was  used  at  the  writer's  home  in  the  country  one  mile  southeast  of 
Mechanicsburg,  Pa.  The  ground  is  almost  entirely  under  culti- 
vation and  is  of  Trenton  limestone  formation  similar  to  that  analyzed 
by  Eve.*  The  electroscope  was  placed  near  a  large  window,  the 
curtain  of  which  was  left  open  so  as  to  make  the  room  light  enough 
to  read  the  electroscope.  The  room  was  kept  closed  so  that  the 
temperature  did  not  vary  more  than  i^  or  2°  C.  during  the  day. 
Following  are  some  typical  examples. 

These  examples  were  all  taken  at  the  same  place.  It  is  seen  that 
the  rate  of  leak  becomes  very  large  during  the  middle  part  of  the 
day  reaching  a  maximum  at  1 1  A.  M.  This  change  of  the  rate  of 
leak  is  either  due  to  an  increase  of  conduction  over  the  sulphur 
insulation  or  to  an  increase  of  ionization  due  to  an  external  radi- 
ation. As  the  temperature  of  the  room  did  not  vary  greatly  and  as 
it  was  also  kept  rather  dark  one  would  not  see  why  the  insulation 
should  be  decreased  during  the  day.  Only  diffused  daylight  fell 
upon  the  aluminium  electroscope.  It  is  quite  probable,  however, 
that  the  rate  of  leak  does  not  vary  directly  as  the  penetrating  radi- 
ation. Neither  is  the  large  value  of  the  rate  of  leak  during  the 
middle  of  the  day  due  to  a  penetrating  ^'-like  radiation  entirely,  as 
will  be  shown  later. 

An  electroscope  of  the  curved  electrode  form  was  made  of  glass 
walls  wrapped  with  fine  copper  wire.  The  copper  wire  was  earthed. 
The  rate  of  leak  was  found  for  this  electroscope  when  placed  in  a 
darkened  room  and  also  when  a  beam  of  sunlight  was  sent  through 
the  vessel.  Very  large  movements  of  the  gold  leaf  were  produced 
of  course  by  the  sunlight  but  the  readings  were  taken  an  hour  or 
more  after  the  sunlight  was  removed.  The  sunlight  did  not  greatly 
increase  the  rate  of  leak  except  when  it  was  directed  upon  the  sulphur 
insulation.     A  more  careful  investigation  of  this  is  to  be  made. 

The  enormous  daily  variation  shown  above  may  bear  some  relation 
to  the  increased  ionization  found  in  the  open  air  during  the  day  in 

iphil.  Mag.,  Aug.,  1907. 
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Table  II. 

Eltctrostcpe  im  the  Country, 


III. 


IV. 


Local  Mean  Tims. 


Position  of  Gold 
Leaf. 


June  29,  1907. 
3  hrs.  29' 

5  "  15' 
7  "    2y 

Tune  30,  1907. 

6  hra.  4y 
10  '«    "W 

1   "    31' 
3  "    46^ 
July  30, 1907. 

5  hrs.  W 
July  31,  1907. 

6  hrs.    6' 
12  "    47' 

5  "    27' 

7  "  13' 
7   "    ly 

Aug.  1,  1907. 

7  hrs.  12' 
Aug.  2,  1907. 

7  hrs.  5' 
Aug.  3,  1907. 

7  hrs.  28' 

6  "  20' 
Aug.  4,  1907. 

7  hrs.  28' 
10  "    51' 

1  ••    41' 

1  "  42' 
7  "  57' 
7   "    58' 

Aug.  5, 1907. 

7  hrs.  50' 
Sept  2,  1907. 

2  hrs.  4' 
5   "    49' 

8  •'  5y 
Sept.  3,  1907. 

3  hrs.  6' 
7  " 

10  "    14' 

11  *«  3y 


I 


P.M. 
P.  M. 
P.  M. 

A.  M. 
A.  M. 
P.  M. 
P.  M. 

P.  M. 

A.M. 
P.  M. 
P.M. 
P.  M. 
P.  M. 

A.M. 


P. 

M. 

A. 

M. 

P. 

M. 

A. 

M. 

A. 

M. 

P. 

M. 

P. 

M. 

P. 

M. 

P. 

M. 

A. 

M. 

P.  M. 
P.  M. 
P.  M. 

A.  M. 
A.  M. 
A.  M. 
A.  M. 


4.85 
4.19 
4.00^ 

2.98 

1.59 

.12 

-.57 

2.90 

.87 
4.05 

.10 
-.20 
6.65 

3.80 

4.77 

.54 
5.40 

.20 
3.90 
-1.00 
4.40 
-.60 
5.40 

.95 

3.97 
L97 
L78 

LIO 

.80 

.14 

-.57 


Leak  in  Scale  Divi-       III.  Divided  by  the 
eione  per  Second.  Sensibility. 


.000104 
.000025 

.000025 
.000107 
.000132 
.000085 


.000045 

.000253 
.000047 


.000066 

.000095 

.000110 
.000480 
.000222 

.000104 


.000148 
.000017 

.000033 
.000021 
.000057 
.000171 


.000045 
.000012 

.000012 
.000082 
.000100 
.000077 


.000034 

.000169 
.000043 


.000024 

.000060 

.000066 
.000359 
.000154 

.000055 


.000095 
.000013 

.000025 
.000018 
.000050 
.000155 
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I. 

IL 

III. 

IV. 

Local  Mean  Time. 

Position  of  Gold 

Leak  in  Scale  Divi- 

in.  Divided  by  the 

Leaf. 

eione  per  Second.. 

Sensibility. 

Sept.  3,  1907. 

12  hrs.  W  P.  M. 

4.70 

.000239 

.000150 

5  "  2y  P.  M. 

.70 

7  "   5'  P.  M. 

.40 

.000050 

.000042 

8  «*  24^  P.  M. 

7.70 

11  *'   6^  P.M. 

7.15 

.000057 

.000010 

Sept.  4,  1907. 

6  hrs.  5F  A.  M. 

5.56 

.000057 

.000015 

11  "  lO'  P.  M. 

5.80 

Sept.  5,  1907. 

6  hrs.  55^  P.  M. 

4.27 

.000055 

.000020 

9  "  ZV  P.  M. 

.50 

.000388 

.000277 

Dec.  22,  1907. 

6  hrs.  VI'  A.  M. 

L25 

.000016 

.000012 

8  "  52'  A.  M. 

L08 

.000024 

.000020 

10  "   8' A.M. 

.80 

.000061 

.000050 

12  "  12'  P.  M. 

.30 

.000067 

.000056 

1  "  Ay  P.  M. 

6.40 

2  "  W  P.  M. 

5.55 

.000236 

.000078 

3  "  W  P.  M. 

4.90 

.000150 

.000050 

5  •*  2y  P.  M. 

4.57 

.000062 

.000023 

5  "  41'  P.  M. 

4.43 

.000030 

.000013 

9  *•  21'  P.  M. 

4.05 

.000040 

.000019 

Dec.  23,  1907. 

.000023 

.000011 

6  hrs.  31'  A.  M. 

3.30 

summer  as  compared  with  the  night.  It  may  also  account  for  the 
increase  of  conductivity  of  the  air  required  by  Schuster  ^  to  explain 
the  changes  of  the  earth's  magnetic  field  as  brought  about  by  move- 
ments of  bodies  of  charged  air. 

Another  set  of  readings  will  be  given  for  the  electroscope  placed 
in  the  tower  room  of  the  fifth  floor  of  the  physics  laboratory  at  the 
Johns  Hopkins  University.  This  room  contains  five  windows,  is  thus 
well  illuminated  and  is  below  the  university's  telescope.  Except  for 
a  thin  floor  and  the  tin  roof  there  is  nothing  to  cut  off  the  penetrating 
radiation  from  above. 

Table  IV.  gives  the  rate  of  leak  when  the  electroscope  was  sur- 

*Jour.  de  Phys.,  Dec,  1907. 
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rounded  with  a  black  wooden  cap  about  .5  cm.  thick,  so  as  to  pre- 
vent the  entrance  of  any  light  Table  V.  gives  the  rate  of  leak  on 
the  third  floor  of  the  physical  laboratory,  the  room  being  surrounded 
by  thick  brick  walls.  Table  VI.  gives  the  rate  of  leak  in  a  cave 
near  Mechanicsburg.     According  to  the  work  of  Campbell  and 

Table  III. 

Electroscope  in  Tower  Room, 


I. 

II. 

III. 

IV. 

Local  Moan  Timo. 

Position  of  Gold  Leaf. 

Leak  in  Scale  Divi- 
■ions  per  Second. 

III.  Divided  by  the 
Sensibility. 

Jan.  27,  1908. 

4  hrs.  30^  P.  M. 

7.35 

Jan.  28,  1908. 

8  hrs.  40^  A.  M. 

4.85 

.000043 

.000013 

4  •'  WV,Vi. 

3.63 

Jan.  29,  1908. 

8  hrs.  55' A.  M. 

2.30 

.000022 

.000015 

Jan.  30,  1908. 

6  hrs.  S'P.  M. 

-.07 

Jan.  31,  1908. 

10  hrs.  10' A.  M. 

-.95 

.000015 

.000013 

Feb.  5,1908. 

8  his.  28'  A.  M. 
2  "  44' P.M. 
4  "  50' P.M. 

2.13 
1.74 
L60 

.000021 
.000017 

.000016 
.000013 

Feb.  6,  1908. 

8h«.  48'A.M. 

12  "  50'  P.  M. 

4  "  40'  P.  M. 

.70 
.30 
.08 

.000019 
.000015 
.000027 

.000014 
.000012 
.000023 

Feb.  7,1908. 

10  hrs.  25' A.M. 
5  "    P.  M. 

-.82 
4.78 

.000016 
.000014 

.000013 
.000012 

Feb.  8,1908. 

8  hrs.  30' A.  M. 
5  "  55' P.M. 

3.20 
2.00 

.000028 
.000035 

.000013 
.000025 

Feb.  10,  1908. 

10  hrs.  15'  A.  M. 
4  "  50'  P.  M. 

.58 
6.74 

.000018 

.000016 

Feb.  11,  1889. 

8  hrs.  45'  A.  M. 

4.90 

.000032 

.000010 

Wood,  glass  emit^  very  little,  if  any,  penetrating  radiations.     Any 
external  radiation  would  therefore  produce  a  greater  relative  change 
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I. 

IL 

in. 

IV. 

Local  Mean  Time. 

Position  of  Gold  Leaf. 

Leak  in  Scale  Divi- 
sions per  Second. 

III.  Divided  by  the 
Sensibility. 

Feb.  26,  1908. 

6  hrs.  20'  P.  M. 

7.05 

- 

Feb.  27,  1908. 

8  hrs.  40'  A.  M. 
5   "    17'  P.  M. 

4.93 
3.96 

.000041 
.000031 

.000012 
.000013 

Feb.  28,  1908. 

9  hrs.    9'A.  M. 
5   "    35' A.M. 

2.74 
2.13 

.000021 
.000019 

.000012 
.000015 

Feb.  29,  1908. 

10  hrs.  35'  A.  M. 
4   "    77' P.M. 

L18 
.86 

.000015 
.000014 

.000012 
.000012 

Mar.    1,1908. 

9  hrs.  10'  A.  M. 
3   "      5' P.M. 

4.45 
3.92 

.000022 

.000011 

Table  V. 

Electroscope  on  Third  Floor. 


I. 

n. 

in. 

IV. 

Local  Mean  Time. 

Position  of  Gold  Leaf. 

Leak  in  Scale  Divi- 
sions  Per  Second. 

III.  Divided  by  the 
Sensibility. 

Jan.  13,  1908. 

11  hrs.  44'  A.  M. 

1  *•    29'  P.  M. 

2  •'    55' P.M. 
5   '•      2' P.M. 

5.55 

5.10 
4.75 
4.33 

.000071 
.000068 
.000055 

.000024 
.000023 
.000024 

Jan.  14,  1908. 

8  hrs.  36' A.M. 
10   «    12' A.  M. 

2.50 
2.28 

.00003^ 
.000038 

.000026 
.000029 

in  the  rate  of  leak  in  a  glass  vessel.  Several  electroscopes  of  glass 
were  made.  All  metal  parts  were  covered  with  sulphur  and  the 
outside  of  the  electroscope  was  covered  with  aluminium  foil.  The 
following  readings  are  typical. 
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Time. 

Position  of  Gold  L«ttf. 

Rats  of  Leak 

Nov.  25,  1907 

4  hours,  5r  P.  M. 

12.70 

Nov.  26. 

8     " 
5     " 

Nov.  27. 

lO'  A.  M. 
P.  M. 

11.95 
11.05 

.000013 
.000038 

8    '' 
4    " 
Nov.  28. 

lO'  A.  M. 
42'  P.  M. 

10.35 
9.14 

.000013 
.000039 

8     " 

30^  A.  M. 

8.45 

.000012 

The  above  table  shows  that  during  the  summer  the  rate  of  leak 
was  much  larger.  During  the  nights  of  summer  the  rate  of  leak  is 
very  large  as  a  rule,  at  least  for  the  place  observed.  The  readings 
for  September  2  and  3  show  a  minimum  at  about  8  P.  M.  and  a 
slight  maximum  about  midnight. 

If  the  penetrating  radiation  comes  largely  from  the  air,  then  the 
variations  should  be  almost  as  great  when  all  the  electroscope  is 


Table  VI. 

Electroscope  in  Cave, 


L 

II. 

III. 

IV. 

Local  Mean  Time. 

Poeition  of  Gold  Leaf. 

Leak  In  Scale  Divi- 
aiona  per  Second. 

III.  Divided  by  the 
Sensibility. 

Sept.  28,  1907. 

8  hrs.    4^  A.  M. 

11    **   43'  A.  M. 

7     "    4r  P.  M. 

6.70 
5.90 
4.66 

.000061 
.000043 

.000017 
.000015 

ScpL  29,  1907. 

8  hrs.  32'  A.  M. 
5    "     y  A.  M. 

3.70 
2.90 

.000021 
.000029 

.000010 
.000016 

Dec.  24,  1907. 

3  hrs.  52'  P.  M. 

7.00 

Dec.  25,  1907. 

8  hrs.  13'  A.  M. 

12  hrs.  20'  P.  M. 

4    "      7'  P.  M. 

5.08 
4.64 
4.30 

.000033 
.000030 
.000025 

.000010 
.000011 
.000011 

Dec.  26,  1907. 

8  hrs.    6'  A.  M. 

12    "    30'  P.  M. 

5    "    10'  P.  M. 

3.05 
2.78 
2.47 

.000022 
.000019 
.000018 

.000011 
.000014 
.000013 

Dec.  27,  1907. 

9  hrs.  15'  A.  M. 
5     "    40'  P.  M. 

1.44 
1.00 

.000018 
.000014 

.000013 
.000012 
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screened  except  the  top.     This  was  done,  the  electroscope  being 
placed  on  the  roof  of  the  physical  laboratory. 

Table  VII. 

Cap  on.  Electroscope  on  Roof. 


I. 

IL 

in. 

IV. 

Local  Mean  Time. 

Position  of  Gold  Leaf. 

Leak  In  Scale  Dlvi- 
aiooe  per  Second. 

III.  DlTided  by  the 
SenelbUity. 

March  10,  1908. 

5  hra.    5'  P.  M. 

3.97 

March  11,  1908. 

8  hrs.  IS'  A.  M. 

3.05 

.000017 

.000010 

March  12,  1908. 

8  hrs.    5'  A.  M. 
5     "    21'  P.  M. 

5.70 
3.83 

.000047 

.000018 

March  13,  1908. 

8  hrs.  W  A.  M. 
6    "    W  P.  M. 

2.78 
2.12 

.000019 
.000019 

.000012 
.000015 

March  14,  1908. 

8  hrs.  40'  A.  M. 

L40 

.000014 

.000011 

These  tables  show  that  the  rate  of  leak  for  the  unscreened  elec- 
troscope varies  between  wide  limits  but  it  is  never  less  than  the  rate 
of  leak  for  the  screened  electroscope.  The  variation  is  much  less  in 
Baltimore  than  in  the  country.  The  rate  of  leak  in  a  cave  is  much 
less  than  the  rate  of  leak  observed  on  the  surface  and  the  variations 
are  very  much  less.  If  the  larger  part  of  the  external  radiation 
comes  from  the  ground,  then  in  a  cave  the  rate  of  leak  should  be 
twice  as  great  as  on  the  surface  of  the  ground,  but  this  is  not  so. 
The  rate  of  leak  at  night  in  the  physical  laboratory  is  fairly  constant 
compared  with  the  leak  during  the  day.  The  readings  during  the 
night  in  the  country  are  much  larger  during  the  summer.  The 
screening  of  all  parts  of  the  electroscope  except  the  top  and  placing 
the  electroscope  thus  screened  on  the  roof  of  the  physical  laboratory 
did  not  decrease  the  variations  very  greatly. 

IV.   The  Diurnal  Period  of  the  Rate  of  Leak. 
Some  of  the  results  obtained  with  the  unscreened  "  sheet-iron  ** 
electroscope  will  now  be  given.     This  electroscope  was  used  in  the 
tower  room.     Readings  were  made  with  a  micrometer  microscope. 
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the  micrometer  being  in  the  eyepiece.  Both  micrometer  microscope 
and  electroscope  were  kept  fixed,  so  that  only  a  small  portion  of 
the  path  of  the  gold  leaf  could  be  used.  When  the  gold  leaf  passed 
out  of  the  field  of  the  microscope,  the  electroscope  would  be  re- 
charged. In  the  curves  these  intervals  are  represented  by  dotted 
lines.  When  lead  screens  were  placed  around  the  electroscope,  it 
was  found  that  the  natural  ionization  in  the  instrument  produced  a 
constant  rate  of  leak  and  therefore  the  fluctuations  observed  with 
the  unscreened  electroscope  as  given  by  the  following  curves  were 
due  to  external  causes.  All  the  curves  except  Fig.  9  were  taken 
in  the  tower  of  the  physical  laboratory.  This  latter  was  taken 
near  Mechanicsburg,  Pa.  These  and  other  curves  show  maxima  at 
9  A.  M.  and  10  P.  M.,  marked  minima  at  7  A.  M.  and  6  P.  M.* 
and  a  less  marked  one  about  noon.  Wood  and  CampbelP  find 
maxima  at  9  A.  M.  and  10  P.  M.,  minima  at  2  P.  M.  and  4  A.  M. 
McKeon*  finds  maxima  at  about  10  A.  M!  and  11  P.  M.  and  minima 
at  6  P.  M.  and  7  A.  M. 


.00110 
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,000% 


.00070 


/2M.     2. 


/O 


Fig.  4. 


Description  of  Curves.  — Fig.  4.  Ionization  curve  for  February 
19,  1907,  taken  in  the  "tower  room."  Weather  clear.  Fig.  5. 
Ionization  curve  for  February  26,  1907,  taken  in  the  "tower 
room."  Weather  clear  and  warm.  The  temperature  variation  in 
the  room  during  the  day  was  but  2®  C.     Mean  barometer  76.60 

1  Science,  July  12,  1907. 
«Phil.  Mag.,  Feb.,  1907. 
•Phys.  Rev.,  Nov.,  1907. 
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cm.  Sleet  in  evening  about  8  P.  M.  Fig.  6.  Ionization  curve 
for  February  25,  1907,  taken  in  the  "tower  room."  Weather 
clear.  The  day  previous  a  snow  eight  inches  deep  had  fallen  and 
this  still  covered  the  ground.     If  the  penetration  radiation  had 
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come  from  the  ground  the  snow  would  probably  have  screened  a 
considerable  part  of  it.  But  this  is  not  the  case.  Barometer  76.25 
cm.  In  Fig.  5  it  is  seen  that  during  the  sleet  the  ionization  is  quite 
small.  Fig.  7.  Ionization  curve  for  February  23,  24,  1907,  for 
the  "tower  room."     Weather  clear  and  cold.     Barometer  77.80 
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cm.  Temperature  range  ii*^  to  15*^  C.  Fig.  8.  Ionization 
curve,  March  9,  10,  1907,  taken  in  the  "tower  room."  At  mid- 
night it  began  to  snow.  The  curve  shows  how  the  ionization  has 
thereby  been  decreased.  The  barometer  decreased  gradually  from 
77.00  cm.  at  the  beginning  of  the  observations  and  dropped  to 
76.00  cm.  at  the  end  of  the  observations.     The  temperature  varied 


between  12°  and  18°  C.     Fig.  9.     Ionization  curve  taken  Decem- 
ber 26,  1907  near  Mechanicsburg,  Pa. 

The  rate  of  leak  over  a  considerable  part  of  the  scale  of  the 
fixed  microscope  when  the  electroscope  was  screened  was  found 
for  the  "sheet-iron"  electroscope.     A  calibration  curve  for  this 
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Fig.  9. 

part  of  the  scale  was  then  drawn  as  for  the  aluminium  electroscope. 
This  calibration  curve  thus  gave  the  relative  sensibility  of  the  dif- 
ferent parts  of  the  scale.  The  rate  of  leak  over  any  part  of  the 
scale  divided  by  the  sensibility  ought  to  be  unity  for  the  screened 
electroscope  and  greater  than  unity  for  the  unscreened  electroscope. 
This  will  be  shown  by  the  following  figures. 
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I. 

II. 

III. 

IV. 

Local  Mean  Time. 

Poaition  of  Gold 
Leaf. 

Leak  In  Scale  Divi- 
aiona  per  Second. 

III.  Divided  by  the 
Senaibility. 

April  8,  1907. 

8  hrs.  34'  A.  M. 
3   '*    34'  P.  M. 

10.814 
18.403 

.000334 

1.095 

8   "    55'  P.  M. 

6.978 

April  9,  1907. 

8  hrs.  20'  A.  M. 

19.890 

.000318 

1.092 

April  10,  1907. 

10  hrs.  Sy  A.  M. 
5   "    44'  P.  M. 

11.896 
19.900 

.000324 

1.062 

May  1,  1907. 

11  hrs.  56'  A.  M. 
10   "    58'  P.  M. 

.117 
10.278 

.000273 

1.066 

May  2,  1907. 

11  hrs.  55'  A.  M. 
9  "    4y  P.  M. 

.112 
11.483 

.000301 

1.153 

The  average  for  twenty  one  days  for  column  IV.  was  1.147. 
Now  to  show  the  great  variation  in  the  rate  of  leak  the  top  part  of 
the  screen  was  removed.     The  following  readings  show  that  the 


I. 

II. 

III. 

IV. 

Local  Mean  Time. 

Position  of  Gold 
Leaf. 

Leak  in  Scale  Divi- 
■iona  per  Second. 

III.  Divided  by  the 
Senaibility. 

May  10,  1907. 

11  hrs.  57' A.  M. 
3   "    14'  P.  M. 

1.60 
7.683 

.000500 

2.03 

5   "    28' P.M. 
10   "    53'  P.  M. 

.629 
8.856 

.000398 

1.59 

May  11,  1907. 

12  hrs. 
3   "    57'  P.  M. 

1.889 
10.070 

.000690 

2.65 

May  13,  1907. 

1  hrs.  46'  P.  M. 
10  *'    15'  P.  M. 

-.548 
7.310 

.000270 

1.11 

May  14,  1907. 

10  hrs.  58'  A.  M. 
7   "    50'  P.  M. 

.710 
11.306 

.000357 

1.37 

May  16,  1907. 

12  hrs.  54'  P.  M. 
6   "    50'  P.  M. 

1.487 
14.740 

.000600 

2.22 

May  17,  1907. 

10  hrs.  56' 
5   "    45' 

-.253 
9.270 

.000407 

1.63 
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external  radiation  entering  at  the  top  of  the  electroscope  was  what 
produced  the  great  variations  in  the  rate  of  leak. 

V.  The  Rate  of  Leak  During  a  Snow  or  Rain. 

The  effect  of  a  snow  in  decreasing  the  external  radiation  is  shown 
very  well  by  Fig.  8.  Here  it  began  to  snow  about  midnight.  Upon 
the  scale  given,  .00049  ^^  ^^^  '^^^  ^^  \t?i^  in  scale  divisions  per 
second  when  the  electroscope  is  screened  In  Table  IV.,  March  i, 
1908,  there  was  rain  during  the  day.  February  5,  1908,  there  was 
a  snow.  September  2,  1907,  there  was  a  thunderstorm  during  the 
afternoon.  During  the  night  of  September  3  there  also  was  rain. 
These  data  show  that  in  these  cases  the  penetrating  radiation  fell 
almost  to  zero  value.  This  is  to  be  expected  since  rain  and  snow 
are  known  to  carry  down  radium  A,  B  and  C.  On  account  of  the 
quick  recovery  of  the  external  radiation  it  seems  very  probable  that 
the  emanation  remains  in  the  air. 

VI.  The  Origin  of  the  Penetrating  Radiation. 
Since  the  penetrating  radiation  resembles  the  y  rays  from  radio- 
active substances  it  is  very  probable  that  it  originates  from  radio- 
active substances.  The  problem  then  is  to  locate  these  radioactive 
substances.  From  the  radium  content  of  the  various  rocks  as  deter- 
mined by  both  Strutt  and  Eve  it  appears  that  there  is  not  enough 
radium  in  the  ground  to  account  for  the  penetrating  radiation.* 
Taking  a  value  of  the  radium  content  which  is  probably  large,  the 
X  radiation  which  this  would  be  the  source  of,  would  produce  less 
than  one  ion  per  c.c.  per  second.  Cooke  found  the  penetrating 
radiation  to  produce  4.5  ions  per  c.c.  per  second.  McClennan  9  ions 
per  C.C.  per  second,  and  for  an  electroscope  with  a  cap  the  writer 
found  that  the  penetrating  produced  4  ions  per  c.c.  per  second 
when  screened  on  the  under  side.  Firstly,  then,  the  radium  con- 
tent of  the  ground  is  not  sufficient  to  produce  a  sufficiently  powerful 
penetrating  radiation.  Secondly,  a  penetrating  radiation  coming 
from  radioactive  products  in  the  earth  should  be  constant  in  amount. 
The  penetrating  radiation  varies  considerably  in  value.  Thirdly, 
during  a  rain  or  snow  the  penetrating  radiation  decreases  very  much 

*Tcrr.  Mag.,  Dec,  1907. 


Digitized  by 


Google 


58  iV.    IV,  STRONG.  [Vol.  XXVII. 

in  value.  Rain  and  snow  carry  radioactive  products  into  the  ground 
and  increase  the  radioactive  content  of  the  ground,  without  increas- 
ing the  penetrating  radiation.  Fourthly,  screens  placed  about  elec- 
troscopes on  all  sides  except  the  top  should  absorb  practically  all 
the  penetrating  radiation  from  the  earth.  Experimentally,  however, 
this  is  not  found  to  be  the  case.  Fifthly,  the  penetrating  radiation 
in  a  cave  should  be  larger  than  the  penetrating  radiation  on  the 
surface  if  this  has  its  source  in  the  ground.  The  writer  has,  how- 
ever, found  the  penetrating  radiation  less  in  a  cave.  The  conclusion 
is  that  under  the  conditions  of  investigation  the  larger  part  of  the 
penetrating  radiation  did  not  come  from  the  ground. 

On  the  other  hand  a  very  simple  method  of  explaining  the  above 
results  is  to  suppose  that  the  penetrating  radiation  comes  largely 
from  radioactive  products  in  the  air.  Suppose  that  a  considerable 
part  comes  from  radium  C  which  has  been  broken  down  from  the 
emanation.  Now  it  is  known  that  most  of  the  radioactive  products 
carried  down  by  rain  or  snow  consist  mostly  of  radium  products.^ 
During  a  heavy  rain  or  snow  most  of  the  radium  products  would  be 
carried  down  and  so  the  penetrating  radiation  would  be  considerably 
decreased. 

If  the  emanation  remains  in  the  air,  then  in  a  few  hours  after  the 
snow  or  rain,  the  products  radium  A,  B  and  C  will  soon  be  in  equi- 
librium again,  and  the  penetrating  radiation  will  increase  to  its  nor- 
mal value.  This  has  been  noticed  to  occur  in  about  two  hours  in 
one  case.  This  theory  would  explain  why  the  active  deposit  occurs 
in  rain  or  snow  even  if  the  storm  has  been  a  long  one,  the  active 
deposit  being  continually  formed  from  the  radium  emanation.  As 
the  radium  emanation  has  been  shown  by  Elster  and  Geitel,*  Ebcrt 
and  Ewers "  and  others  to  diffuse  up  through  the  ground,  it  is 
quite  probable  that  the  radium  emanation  in  the  air  comes  largely 
from  the  ground.  The  amount  of  emanation  would  then  vary  with 
the  direction  and  strength  of  the  wind.  The  air  over  large  areas  of 
low  barometer  would  contain  more  emanation  and  this  air  would  be 
carried  about  by  cyclonic  and  anticyclonic  storms. 

>  J.  S.  Allen,  Phys.  Rev.,  p.  306,  1903 ;  C.  T.  R.  Wilson,  Proc.  Camb.  Phil.  Soc., 
iz,  p.  428,  Z902;  J.  Kaufmann,  Meteorologicale  Zeit.,  March,  1905;  Costanzo  and  Negro, 
Phys.  Zeit.,  7,  pp.  350,  921,  1906. 

«Phys.  Zeit.,  3,p.  574,  1902. 

*Phys.  Zeit.,  4,  p.  162,  1902. 
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Recent  determinations  by  Eve  ^  of  the  content  of  the  air  of  radium 
emanation  do  not  bear  out  the  above  theory  quantitatively,  the  emana- 
tion content  being  too  small  to  account  for  the  penetrating  radiation. 
But  at  the  same  time  the  penetrating  radiation  may  have  been  small. 
Eve  *  then  suggests  that  the  penetrating  radiation  may  come  from 
thorium  products  in  the  ground. 

As  the  y  radiation  from  thorium  would  require  6.9  (lo*)  times* 
as  much  thorium  in  weight  as  radium,  the  amount  of  thorium  neces- 
sary to  produce  the  penetrating  radiation  would  be  quite  large.  It 
would  be  very  interesting  to  make  a  thorium  survey  of  various  min- 
erals and  rocks.  Recent  work  by  Dadourian  *  does  not  indicate  a 
large  thorium  content  in  the  ground. 

It  hardly  seems  possible  to  account  for  the  variations  of  the  pene- 
trating radiation  if  this  comes  from  radioactive  products  in  the  ground. 
This  difficulty  is  especially  pronounced  in  a  city  where  all  the  rain 
water  runs  away  immediately  after  its  fall,  it  not  being  able  to  wash 
the  active  deposit  down  into  the  ground.  In  some  localities,  how- 
ever, there  may  be  enough  radioactive  material  in  the  ground  to 
explain  the  penetrating  radiation. 

The  diurnal  variations  are  much  more  difficult  to  explain.  If  the 
larger  part  of  the  penetrating  radiation  comes  from  the  active  deposit 
in  the  air,  and  this  is  probably  largely  condensed  on  the  "large  "  ions 
of  Langevin,  then  if  these  large  ions  were  suddenly  carried  down  to 
the  ground  there  would  be  a  minimum  ionization.  But  how  this 
could  happen  is  not  evident.  If  the  "  large  "  ions  are  numerous 
and  the  active  deposit  is  attached  to  these,  then  the  active  deposit 
would  be  more  difficult  to  draw  out  of  the  air  by  means  of  charged 
wires.  If  the  active  deposit  was  attached  to  the  "  small "  ions  in 
the  air,  then  it  would  be  more  easily  acquired  by  a  charged  wire. 
This  may  explain  some  of  the  variations  in  the  amount  of  active 
deposit  formed  on  charged  wires. 

According  to  the  recent  work  of  Cameron  and  Ramsay,  helium 
is  formed  from  the  radium  emanation  when  the  latter  is  mixed  with 
a  gas,  argon  and  neon,  when  the  emanation  is  mixed  with  certain 

iPhil.  Mag.,  Dec,  1907. 
'Nature,  p.  486,  March  26,  1908. 
*  Am.  Joum.  of  Science,  Dec,  1906. 
^  Am.  Joum.  of  Science,  Apr.,  1908. 
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liquids.  It  might  be  possible  that  a  part  of  the  helium  and  argon 
in  the  atmosphere  is  formed  in  this  way.  If  one  knew  the  amount 
of  radium  emanation  in  the  air,  a  calculation  of  the  amount  of  helium 
formed  could  be  made.  If,  then,  helium  is  not  accumulating  in  the 
atmosphere,  this  means  that  the  amount  of  helium  formed  is  equal 
to  the  amount  which  the  earth's  atmosphere  loses  to  space. 

VIII.    Conclusion. 

1.  A  form  of  electroscope  with  a  curved  electrode  and  earthed 
gold  leaf  is  very  convenient  in  working  with  comparatively  large 
vessels. 

2.  The  ionization  in  closed  vessels  investigated  has  been  found 
to  be  constant  when  the  vessels  are  surrounded  with  lead  and  iron 
screens.  The  rate  of  leak  due  to  this  ionization  has  been  used  to 
calibrate  the  electroscope. 

3.  The  variation  of  the  rate  of  leak  of  an  unscreened  electroscope 
is  due  to  external  radiations.  Part  of  this  external  radiation  is  the 
so-called  penetrating  radiation. 

4.  The  external  radiation  is  greater  during  the  summer. 

5.  The  curved  electrode  electroscope  has  a  double  diurnal  period 
in  its  rate  of  leak. 

6.  During  a  rain  or  snow  the  penetrating  radiation  decreases  very 
considerably  for  the  cases  observed.  In  several  instances  the  pene- 
trating radiation  has  reached  almost  a  zero  value. 

7.  An  electroscope  open  at  the  top  but  with  thick  screens  on  all 
sides  and  on  the  bottom,  is  subject  to  very  considerable  variations 
in  its  rate  of  leak.  From  this  and  other  reasons  it  seems  very  prob- 
able that  a  considerable  part  of  the  penetrating  radiation  comes  from 
radioactive  products  in  the  air. 

8.  Since  the  coefficient  of  absorption  for  air  is  small,  the  penetrat- 
ing radiation  from  radioactive  products  in  the  air  comes  from  large 
bodies  of  air  at  considerable  distance  from  the  place  of  observation. 
A  study  of  this  penetrating  radiation  at  different  places  would  indi- 
cate the  origin  and  movements  of  radioactive  matter  in  the  air. 

The  writer's  thanks  are  extended  to  Professor  Ames  for  his  help 
and  kindness  throughout  the  course  of  the  investigation. 
Johns  Hopkins  University, 
April,  1908. 
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A   GENERAL   FORMULA   FOR   DISPERSIVE   AND 
RESOLVING   POWERS. 

By  L.  p.  Sirg. 

THE  derivation  of  expressions  for  the  resolving  powers  of  prisms 
and  diffraction  gratings,  as  found  in  most  works  on  optics, 
usually  follow  in  a  general  way  Rayleigh's  *  method,  while  Michel- 
son's  *  proof  is  usually  used  for  the  echelon  grating.  It  was  sug- 
gested to  the  writer  some  time  ago  by  C.  V.  Kent,  of  Carleton 
College,  that  a  single  general  formula  for  the  resolving  power  of 
any  instrument  of  this  kind  might  be  developed  which  would  include 
each  of  the  above  three  as  a  special  case.  The  following  treatment 
which  leads  to  such  a  formula  will  possibly  be  of  interest  to  teachers 
of  optics,  not  only  on  account  of  its  comparative  simplicity,  but  also 
because  it  shows  how  closely 
connected  these  three  forms  of 
spectroscopic  apparatus  are. 
As  far  as  the  writer  knows  no 
such  general  formula  has  pre- 
viously been  published. 

In  Fig.  I,  let  ABC  be  the 
intersection  with  the  plane  of 
the  paper,  of  a  portion  of  a 
plane  wave  front.  Let  BCDE 
be  the  base  of  a  rectangular 
prism  of  a  transparent  medium  of  index  fiy,  The  altitude  of  the 
prism  is  of  no  concern.  Let  this  prism  be  immersed  in  a  medium 
of  index  /z^,  of  which  a  like  prism  of  base  ABEG  is  considered. 
The  intersections  of  the  front  faces  of  these  prisms  with  the 
plane  of  the  paper  are  BC  and  AB^  of  equal  length  s.  Let  the 
depth  of  the  prisms   be  /.     Take   A'    and  B'    as   corresponding 

1  "Wave-Theory,"  Ency.  Brit,  Vol.  XXIV.     •'Scientific  Papers,''  III.,  47. 
'**The  Echelon  Spectroscope,"  Astrophys.  Jour.,  8,  p.  36,  1898. 
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points  of  the  sources,  u  ^.,  AA'  equals  BB',  Then  A'B'  is  equal 
to  s.  Consider  the  portion  of  any  wave  front  HE  diffracted  through 
such  an  angle  Oy  that  the  phase  difference  between  H  and  E'  is  a 
multiple  of  2n,  In  general  this  is  not  the  original  wave  front. 
The  geometrical  path  difference  of  the  extreme  portions  of  the  wave 
is  db  sO,  depending  on  the  sign  of  0,  The  physical  path  difference 
is  fx^t^  fxjjzt:  sO).  Usually  the  second  medium  is  air  and  taking 
the  index  for  air  as  practically  unity,  and  independent  of  the  wave- 
length, 

fi^t  ^  {t  ±:  sd)  =  ml  (i) 

For  the  present  taking  only  the  negative  value  of  0,  we  have  for  the 
dispersive  power,  writing  fi  for  //^ 


dd 
dX 


m 
s 


t  dfi 
7  'dX 


(2) 


The  extension  of  the  above  re- 
lation to  three  sources  is  read- 
ily seen  from  Fig.  2,  where  the 
dotted  lines  represent  the  neces- 
sary portions  of  the  air  medium 
to  give  the  equal  width  of 
sources,  and  A',  B'  and  C  are 
corresponding  points.  The  va- 
lidity of  the  proof  is  in  no  way 
affected  by  supposing  equal  and 
corresponding    portions   of   the 

adjoining  sources  to  be  made  opaque.     For  the  resolving  power, 

from  equation  (2), 


Fig.  2. 


dX 


"  dd 


(nt       t  dfi\ 
T^sdx) 


(3) 


In  order  that  two  images  of  a  rectangular  slit,  separated  by  dO, 
may  be  resolved,  dO  must  never  be  less  than  X/e,  where  e  is  the 
effective  breadth  of  the  beam. 

At  the  limit  we  can  put  dO  equal  to  X/e  and  obtain  for  the  resolving 
power 

dX'^X^^s'dx)  ' 


(4) 
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Applying  equation  (4)  to  a  grating, 


dii 
dX 


>o    and 


d\ 


m 
e  •  — 

s 


Multiplying  by  w/«,  where  n  represents  the  number  of  pairs  of  cor- 
responding sources,  AB  and  BC^ 

X       em  ft  I  ^\ 

-  -  ^^'-^mn  (5) 

dl       s    n 

since  «j,  the  width  of  the  grating,  is  equal  to  e.     Applying  (4)  to  the 
prism,  m  s  o,  and 

X  et  dfi     ' 

dX  s  dX 

and  as  before  multiplying  by  n/n, 


X 

dX' 


et    n    d/x 
s     n     dX 


-  T 


dj. 
dX 


where  e  =  ns,  and  T—  «/,  the  thickness  of  the  prism  at  the  base. 
In  this  case  we  should  have  used  the  positive  value  of  sO,  Eq.  (i), 
so  that  in  this  case 

dX  dX' 


(6) 


From  our  knowledge  of  dfildX  we 
know  that  the  sign  of  the  above  ex- 
pression is  intrinsically  negative.  Fig. 
3  shows  how  a  pile  of  infinitesimally 
thin  plates  would  build  up  a  prism. 
It  shows  at  once  that  a  prism  is  an 
echelon  grating  with  an  infinite  num- 
ber of  steps,  each  of  infinitesimal 
breadth  and  thickness.  Of  course  we 
can  here  use  only  the  spectrum  of 
zero  order,  and  could  find  the  spec- 
trum of  first  order  only  at  infinity.  This  is  obvious  since  A  and  5, 
the  corresponding  points  of  the  sources,  are  practically  coincident, 
so  there  is  no  possibility  of  obtaining  a  path  difference  of  >l  in  a 
finite  field. 


Fig.  3. 
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Applying  (4)  to  the  echelon,  we  have  from  (i), 

m ^— . 

since  s6  can  be  neglected  in  comparison  with  /, 

since  m  ^  e. 

We  may  readily  write  the  expressions  for  the  dispersive  powers, 

obtaining  them  from  (2)  in  a  manner  similar  to  the  foregoing.     For 

the  grating 

dO      m  n  ,  ,^. 

-75  =  -.-=«  w«'  (8) 

where  «'  =  «/j,  the  number  of  lines  per  unit  length. 

For  the  prism,  changing  the  sign  of  the  last  term,  as  before 

dd      ^  dfjL  in\  ^  Tdfx 
dX^s'dXUf'^^dX'  W 

an  intrinsically  negative  quantity.     Here  ns  equals  e,  the  altitude  of 
the  base  triangle  of  the  prism. 

For  the  echelon  it  is  readily  seen  that 


--iif-'-^^i)-  (^°) 


or  with  everything  else  constant,  the  dispersive  power  depends  on 
the  ratio  of  the  thickness  of  a  plate  to  the  breadth  of  a  step. 
Physical  Laboratory, 

State  University  of  Iowa, 
April  15,  1908. 
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THE  CAPACITY  OF  PAPER  CONDENSERS  AND  TELE- 
PHONE  CABLES,  WITH  A  NOTE  ON  THE  DETER- 
MINATION  OF  THE  SPECIFIC  INDUCTIVE 
CAPACITY   OF  DIELECTRICS. 

By  Anthony  Zkliny  and  A,  P.  Andrews. 

THIS  paper  gives  experimental  results  showing  the  diflerence 
between  the  free  charge  capacity  *  of  paper  condensers  and 
telephone  cables  and  the  capacity  value  that  is  obtained  by  the 
ordinary  method  where  the  galvanometer  remains  in  the  circuit 
during  the  whole  period  of  its  throw.  The  rate  at  which  the  ab- 
sorbed charge  is  liberated  immediately  after  the  discharge  of  the 
free  electricity  was  determined,  and  from  it  the  true  value  of  the 
free  charge  obtained.  Attention  is  called,  also,  to  a  method  of 
determining  the  specific  inductive  capacity  of  dielectrics. 

I.   The  Discharge  Key. 

On  account  of  the  comparatively  large  absorption  in  paper  con- 
densers and  telephone  cables,  it  was  found  desirable  to  employ  a 
key  which  enables  the  time  the  condenser  is  allowed  to  discharge 
to  be  accurately  adjusted.  The  key  consists  of  two  keys  operated 
by  a  swinging  pendulum  similar  to  that  described  by  Carhart  and 
Patterson.*  The  two  wooden  arcs  over  which  the  pendulum  swings 
are  divided  into  spaces  representing  known  periods  of  time,  the 

^A.  Zelenj,  Phys.  Rev.,  Vol.22,  p.  65,  1906. 

'Carhart  and  Patterson,  Electrical  Measurements,  p.  107,  1900. 
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shortest  space  being  equivalent  to  .002  second.  In  Fig.  i,  the  keys 
and  the  connections  are  shown  in  a  position  in  which  the  battery  B 
is  charging  the  condenser  C.  When  the  pendulum  (not  shown) 
is  caused  to  swing,  it  first  strikes  the  release  bar  of  the  key  K^, 
releasing  the  spring,  which,  on  striking  the  upper  stop,  closes  the 
galvanometer  circuit.  The  condenser  then  discharges  until  the 
pendulum  releases  the  spring  of  the  key  K^.  The  time  of  discharge 
is  dependent  on  the  separation  of  the  two  keys,  which  are  movable 
and  clamped  each  to  one  of  the  graduated  wooden  arcs.  Since  the 
condenser  begins  to  discharge  when  the  spring  of  key  K^  touches 


<D 


A\'-'  L::£rT-s-|'>- 


Fig.  1. 

the  upper  stop,  while  the  circuit  is  opened  as  soon  as  the  spring  of 
the  second  key  is  released,  the  position  of  the  keys  in  which  the 
time  of  discharge  is  zero  must  be  determined  experimentally. 

When  the  key  K^  had  the  simple  construction  shown  in  Fig.  i, 
the  time  required  to  discharge  the  free  charge  of  the  condenser  was 
found  to  be  about  twice  the  theoretical  value.  This  was  due  prin- 
cipally, no  doubt,  to  the  vibration  of  the  spring  on  striking  the 
upper  stop,  so  that  the  discharge,  instead  of  being  continuous,  was 
intermittent.  After  many  unsuccessful  attempts  to  avoid  this  vibra- 
tion, a  key  with  a  mercury  contact  was  adopted.  This  is  shown  in 
Fig.  2.  When  the  bar  A  is  held  in  the  position  shown,  the  con- 
denser is  being  charged,  and  when  the  release  bar  R  is  thrown 
down  by  the  pendulum,  the  amalgamated  point  E  is  plunged  into  the 
mercury  at  B  by  the  downward  pull  of  the  spring  S.  The  disk  D 
fits  over  the  top  of  the  mercury  cup  and  prevents  the  loss  of  mer- 
cury by  spattering.  The  spring  H  serves  to  make  a  metallic  con- 
tact with  the  bar  A.  Even  with  this  key,  the  time  to  discharge  the 
whole  measurable  part  of  the  free  charge  was  still  somewhat  greater 
than  demanded  by  theory. 
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2.   Mica  Condenser. 
The  data  of  Table  I.  give  the  throws  obtained  from  a  Leeds  and 
Northrup  condenser  when  using  different  times  of  discharge.    These 
were  taken  for  the  purpose  of  making  a  comparison  with  the  paper 


\^^ 


Fig.  2. 

condensers  and  telephone  cables.  The  capacity  was  one  micro- 
farad; the  E.M.F.,  4.076  volts;  the  quarter  period  of  the  galva- 
nometer throw,  2.00  seconds ;  the  resistance  of  the  galvanometer 
circuit,  517.1  ohms. 

Table  I. 


Time  in  Seconds. 

Throws. 

.005 

14.68 

.006 

14.84 

.008 

14.85 

.010 

14.85 

.014 

14.85 

.018 

14.85 

.030 

14.86 

.050 

14.86 

.150 

14.88 

2.000 

14.96 

The  curve  of  Fig.  3,  obtained  from  a  part  of  the  above  data,  shows 
that  all  the  measurable  part  of  the  free  charge  was  discharged  in 
.008  second.  The  curve  shows,  ^Iso,  that  the  increment  due  to  the 
liberation  of  the  absorbed  charge  amounts  to  .02  per  cent,  of  the 
free  charge  for  every  .01  second  that  the  condenser  is  allowed  to 
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discharge.  This  holds  true  for  many  hundredths  of  a  second,  but 
becomes  much  less  after  a  comparatively  long  interval.  In  two  sec- 
onds the  total  increment  was  0.76  per  cent. 

3.  Paper  Condensers. 
On  account  of  their  large  absorbing  power,  most  paper  conden- 
sers require  a  comparatively  long  time  for  charging.    In  some  cases, 
with  the  particular  apparatus  employed,  it  was  found  necessary  to 


I 


Time  of  discharge  in  seconds. 
Fig.  3. 

charge  thirty  seconds  before  the  free  charge  became  independent 
of  the  time  of  charging.  The  charge  obtained  increased  at  first  with 
the  time  of  charging  owing  to  the"  absorption  continuing  during  the 
discharge  of  the  condenser  and  to  a  smaller  amount  of  the  absorbed 
charge  being  liberated.     On  this  account,  it  was  found  convenient 


i^    Li^ 


"Q^ 


Fig.  4. 

to  introduce  a  third  key  which  closed  the  condenser-battery  circuit 
immediately  after  the  opening  of  the  galvanometer  circuit.  The 
required  connections  are  shown  in  Fig.  4,  in  which  K^  is  this  third  key, 
and  K^  the  diagrammatic  representation  of  the  key  shown  in  Fig.  2. 
The  throws  obtained  for  various  times  of  discharge  from  different 
condensers  made  by  the  same  firm,^  are  shown  in  Table  II.     The 

*  Western  Electric  Co.,  Chicago. 
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nominal  capacity  of  each  of  the  condensers  was  two  microfarads,  and 
the  charging  electromotive  force,  3.057  volts.     The  period  of  the 


Table  II. 


Time  in  Seconds. 

5A 

10 

II 

IS 

M 

.008 

12.61 

13.30 

12.98 

15.30 

14.84 

.010 

13.79 

13.63 

13.29 

16.28 

15.74 

.012 

14.04 

13.68 

13.38 

16.42 

15.86 

.020 

14.16 

13.77 

13.49 

16.51 

15.90 

.030 

14.21 

13.82 

13.55 

16.53 

15.92 

.040 

14.25 

13.88 

13.59 

16.55 

15.94 

.050 

14.28 

13.90 

13.63 

16.56 

15.95 

.100 

14.38 

14.07 

13.79 

16.58 

15.97 

.150 

14.47 

14.17 

13.91 

16.60 

15.99 

.200 

14.51 

14.27 

14.00 

16.61 

16.00 

3.45 

15.25 

15.87 

15.30 

16.82 

16.15 

Time  of  discharge  in  seconds. 
Fig.  5. 
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galvanometer  throw  was  increased  to  3.45  seconds  by  suspending 
weights  from  the  coil.     The  discharge  curves  are  plotted  in  Fig  5. 
Several  condensers  made  by  different  firms  were  also  compared. 
The  throws  obtained  are  given  in  Table  III. 

Table  III. 


Time  in  Seconds. 

5* 

IO« 

a» 

-flf» 

.008 

11.11 

13.30 

10.99 

11.94 

.010 

11.24 

13.63 

12.24 

12.61 

.012 

13.68 

12.32 

13.05 

.015 

11.48 

12.44 

.020 

11.66 

13.77 

12.57 

14.38 

.030 

11.85 

13.82 

12.80 

15.63 

.040 

12.05 

13.88 

12.95 

.050 

12.18 

13.90 

13.09 

17.26 

.100 

12.78 

14.07 

13.57 

20.04 

.150 

13.08 

14.17 

13.96 

21.98 

.200 

13.61 

14.27 

14.24 

23.38 

2.00 

17.77 

3.45 

15.87 

20.35 

47.74 

f2 


Time  of  discharge  in  seconds. 
Fig.  6. 

'  Kellog  Switchboard  and  Supply  Q). 

«  Western  Electric  Co. 

'  Stromberg-Carlson  Telephone  Manufacturing  Co. 

*  Marshall,  a  very  old  condenser  used  about  fifteen  years. 
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The  data  for  condenser  No.  5  were  obtained  with  a  different  sus- 
pension than  was  employed  with  the  other  condensers.  The  curves 
are  plotted  in  Fig.  6. 

4.  Telephone  Cables. 

Discharges  were  taken  in  a  similar  manner  from  a  paper  tele- 
phone cable*  1,500  feet  in  length  containing  fifty  pairs  of  wires. 
The  wires  were  connected  so  as  to  obtain  the  capacity  of  the  pairs 
in  parallel.  The  throws  are  given  in  Table  IV.,  and  the  curve  is 
plotted  in  Rg.  7.  The  charging  electromotive  force  was  1.019 
Volts  and  the  quarter  period  of  the  galvanometer,  2.50  seconds. 

Table  IV. 


Time. 

d 

Time. 

d 

.003 

16.88 

.080 

17.33 

.005 

16.98 

.120 

17.44 

.010 

17.02 

.150 

17.48 

.015 

17.09 

.200 

17.57 

.020 

17.11 

.250 

17.62 

.030 

17.17 

.270 

17.65 

.040 

17.19 

2.50 

18.66 

.050 

17.23 

Time  of  discharge  in  seconds. 
Fig.  7. 

1  John  A.  Roebling  Sons  Q). 
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5.  ''True,"  "Free  Charge,"  ''Ordinary"  and  "Effectve" 

Capacities. 
Each  of  the  preceding  curves  shows  that  after  the  free  electricity 
is  discharged  the  liberated  absorbed  chaise  continues  to  flow  at 
almost  a  uniform  rate  for  a  considerable  time.  Each  of  the  straight 
lines  representing  this  is  projected  backward  in  the  figure  as  a  dotted 
line  until  it  meets  the  axis  of  ordinates.  The  ordinate  of  the  point 
where  the  dotted  line  leaves  the  curve  represents  the  whole  meas- 
urable part  of  the  free  charge  of  the  condenser  together  with  that 
part  of  the  absorbed  charge  that  is  liberated  during  this  discharge. 
On  the  assumption  that  the  absorbed  charge  is  liberated  at  the  same 
rate  during  the  time  the  free  electricity  is  discharging  as  it  is  liber- 
ated immediately  after,  the  point  at  which  the  dotted  line  cuts  the 
axis  of  ordinates  represents  *  the  true  free  charge  of  the  condenser. 
As  previously  suggested  by  one  of  us,*  the  "  true  "  capacity  is  ob- 
tained from  the  true  free  charge ;  the  ^^free  charge''  capacity,  from 
the  free  charge  with  the  addition  of  the  absorbed  charge  that  is  lib- 
erated during  the  discharge  of  the  free  charge ;  the  "  ordinary " 
capacity,  from  the  quantity  discharged  when  the  condenser  remains 
connected  to  the  galvanometer  during  the  whole  period  of  its  throw ; 
and  the  "  effective''  capacity,  from  the  quantity  obtained  under  any 
other  condition  of  employment.  Each  of  these  four  has  its  distinct 
use. 

Table  V. 


ConSensen. 

Period  of 
Throw  in 
Seconds. 

"Free  Charge" 

Capacity  Greater 

Than  the  True  Value, 

in  Per  Cont. 

"  Ordinary  "  Capacity 

Greater  Than  the 

True  Value,  in 

Per  Cent. 

Absorbed  Charge 
Liberated  in  .ox't, 
in  Per  Cent,  of  the 
True  Free  Charge. 

Mica. 

2.00 

.01 

.76 

.02 

13 

3.45 

.18 

2.06 

.09 

14 

3.45 

.25 

1.84 

.12 

Cable. 

2.50 

.35 

9.58 

.23 

SA 

3.45 

.57 

8.31 

.28 

11 

3.45 

.90 

14.43 

.45 

10 

3.45 

.95 

16.35 

.48 

2 

3.45 

3.54 

67.6 

L77 

5 

2.00 

3.92 

58.4 

L96 

M 

3.45 

14.86 

281.3 

7.43 

1  This  may  be  modified  slightly,  no  doubt,  after  the  rate  is  investigated  at  which  the 
absorbed  charge  is  liberated  during  the  discharge  of  the  free  electricity. 
»A.  Zeleny,  Phys.  Rev.,  loc.  cit. 
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Table  V.  gives  the  per  cent,  by  which  the  ^*free  charge  "  and  the 
** ordinary**  capacity  values  are  greater  than  the  ^^true**  capacity 
values  of  the  condensers  considered  in  this  paper.  It  also  gives  the 
rate  at  which  the  absorbed  charge  is  liberated  immediately  after  the 
discharge  of  the  free  electricity. 

6.   Specific  Inductive  Capacity  of  Dielectrics. 
The  specific  inductive  capacity  of  dielectrics  is  now  ordinarily  de- 
termined by  the  alternating  current  methods.     The  capacity  values 
obtained  by  these  methods   approximate   to  the  "free  charge" 


I 

8 


\ 


Time  of  charging. 
Fig.  8. 

capacities  as  here  considered.  The  "  true"  capacity  determines  the 
value  of  the  specific  inductive  capacity  and  this  may  differ  appre- 
ciably from  the  value  obtained  by  the  alternating  current  methods. 
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7.  Absorption  Curves. 
The  curves  of  Fig.  8  show  the  relation  between  the  time  of 
charging  and  the  per  cent,  of  the  total  charge  absorbed  when  the 
condenser  is  allowed  to  stand  ten  seconds  before  it  is  discharged. 
The  condensers  were  short-circuited  between  each  reading.  The 
curves  bear  the  same  numbers  as  the  condensers  to  which  they  be- 
long. These  curves  are  not  corrected  for  the  surface  leakage  or 
the  conduction  of  the  dielectric.  The  object  in  obtaining  them  was 
to  show  the  great  difference  in  the  absorbing  power  of  different 
paper  condensers  and  that  this  continues  for  a  long  time,  rendering 
inaccurate  the  leakage  method  of  measuring  their  resistance  even 
when  the  charging  is  continued  for  a  considerable  time. 

8.   Weighted  Galvanometer  Coil. 
During  the  progress  of  these  experiments  a  weighted  galvanom- 
eter coil  was  employed  which  gave  for  the  mica  condenser  the 
curious  curve  shown  in  Fig.  9.    The  weights  consisted  of  lead  balls 


Time  of  discharge  in  seconds. 
Fig.  9. 

held  at  a  distance  from  the  coil  by  means  of  a  brass  wire.  The 
impulse  given  to  the  coil  set  the  balls  into  rapid  invisible  vibrations 
of  small  amplitude  which  caused  the  coil  to  vibrate,  creating  alter- 
nating surges  of  electricity  in  it.  If  the  surge  was  in  the  same 
direction  as  the  condenser  discharge  at  the  instant  the  galvanometer 
circuit  was  opened,  the  throw  was  increased,  and  if  the  surge  was 
in  the  opposite  direction,  diminished.    In  this  mafiner  the  sine  curve 
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was  obtained  with  its  maxima  at  intervals  corresponding  to  the 
period  of  vibration.  This  is  given  to  show  the  danger  of  using  coils 
with  attachments  that  are  not  sufficiently  rigid. 

9.   Summary  and  Conclusion. 

The  value  of  the  capacity  of  paper  condensers  as  obtained  by  the 
ordinary  direct  deflection  method  is  larger  than  the  true  capacity 
value  by  an  amount  which  in  the  condensers  here  employed  varies 
from  1.8  to  281  per  cent,  the  amount  depending  on  the  condenser 
and  on  the  period  of  the  galvanometer.  In  a  paper  telephone  cable 
the  increment  was  found  to  be  9.58  per  cent,  when  the  quarter  period 
of  the  galvanometer  was  2. 50  seconds. 

Since  the  condensers  and  telephone  cables  are  employed  with 
alternating  currents  where  the  effective  capacity  has  approximately 
the  free  charge  value,  the  ordinary  method  of  measurement  that  is 
almost  universally  employed  must  be  discarded  even  for  commer- 
cial purposes. 

The  value  of  the  true  free  charge  gives  the  measure  of  the 

"  true "  capacity  of  a  condenser  and  should  be  employed  in  the 

calculation  of  the  specific  inductive  capacity  of  dielectrics. 

Physical  Laboratory, 

University  of  Minnesota, 
March  10,  1908. 
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SOME  ELECTRICAL  PROPERTIES  OF  SILICON. 

By  Frances  G.  Wick. 

III.    The   Hall  Effect  in   Silicon   at   Ordinary  and   Low 

Temperatures. 

THE  study  of  the  Hall  effect  is  the  third  of  a  series  of  experi- 
ments upon  the  metallic  silicon  produced  by  the  Carborundum 
Company.  The  first  investigations  were  upon  the  thermo-electric 
behavior  ^  and  the  second  upon  the  resistance '  of  this  same  material. 

A  thin  plate  of  silicon  was  placed  between  the  poles  of  an 
electromagnet  and  a  current  was  passed  through  the  plate  in  a 
direction  perpendicular  to  the  magnetic  force.  A  permanent  elec- 
tromotive force  was  thus  established  which  had  a  direction  perpen- 
dicular to  the  magnetic  force  and  also  perpendicular  to  the  primary 
current  in  the  plate.  This  phenomenon,  known  as  the  Hall  effect, 
which  occurs  in  all  metals  to  a  certain  extent,  was  observed  in 
silicon. 

The  measurement  of  the  Hall  effect  offered  the  same  difficulties 
that  have  been  met  in  the  other  work  upon  silicon.  The  sub- 
stance is  hard  and  brittle  and  not  easily  fused.  Thin  plates  such 
as  were  needed  in  this  work  were  difficult  to  make  and  the  connec- 
tions were  also  troublesome.  The  extremely  large  thermal  E.M.F. 
was  a  source  of  disturbance  and  the  work  had  to  be  carried  on  in 
such  a  way  as  to  prevent  unequal  heating  of  the  silicon.  The 
sources  of  error  were,  however,  avoided  or  eliminated  to  such  an 
extent  that  the  results  obtained  were  checked  a  number  of  times 
indicating  considerable  accuracy. 

Since  the  effect  is  more  easily  measured  in  thin  plates  it  was 

desirable  to  make  the  silicon  plates  as  thin  as  possible.    On  account 

of  the  brittleness  of  the  material,  plates  cast  from  the  fused  metal 

were  broken  before  they  could  be  taken  from  the  mould  into  which 

1  Wick,  Frances  G.,  Phys.  Rev.,  Vol.  XXV.,  No.  5,  Nov.,  1907. 
»Wick,  Frances  G.,  Phys.  Rev.,  Vol.  XXVII.,  No.  1. 
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the  material  was  poured.  An  attempt  was  made  to  saw  sections 
from  a  mass  of  silicon  by  means  of  a  thin  motor-run  emery  wheel 
working  under  water.  This  shattered  the  edge  of  the  wheel  and 
made  very  little  impression  upon  the  silicon.  Finally  two  plates 
were  ground  down  from  irregular  pieces  of  silicon  by  the  use  of 
carborundum  powder  upon  an  iron  wheel.  Plate  I.  was  ground 
from  a  choice  specimen  of  silicon  99  per  cent,  pure,  very  compact 
and  showing  crystalline  structure,  which  was  kindly  furnished  by 
Mr.  Tone,  of  The  Carborundum  Company.  Plate  II.  was  of  silicon 
produced  several  years  ago.  This  material  was  not  so  compact  as 
that  of  the  other  plate  nor  of  such  a  high  degree  of  purity.  The 
analysis  of  this  product  is  given  as  follows  : 

Si 95-30  per  cent. 

Fe 1.06 

Al 1.61 

C 2.10 

CaO 33 


zzz^ssz 


^h 


e 


h..||^.1..4j    f  ^S^ 


Fig.  1. 


Fig.  2. 


Plate  I.  was  mounted  upon  glass  with  DeKhotinsky  cement.  In 
J^"*g-  i>  SS'  represents  the  strip  of  glass  upon  which  the  metal  plate 
was  mounted.  Two  spring  contacts  fastened  to  the  glass  by  rivets 
aa!  made  the  side  connections  to  the  plate.  The  end  contacts  were 
made  by  copper  plating  each  end  of  the  plate  and  soldering  to  this 
a  very  thin  strip  of  copper. 

The  contacts  to  Plate  II.  (Fig.  2)  were  made  by  copper  plating 
the  ends  and  a  small  spot  at  the  center  of  each  side.  Fine  copper 
wire  was  soldered  to  this  for  side  connections  and  thin  sheet  copper 
for  end  contacts. 
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Table  I.  gives  the  dimensions  of  these  plates. 

Table  I. 


Plate    1. 

"  II. 


Thickness  of 
Plate. 


.7409  mm. 
1.3056  mm. 


Total  Width 
of  Plate. 


1.8  cm. 
1.6  cm. 


Width  Be- 

tween  Side 

Contacts. 


1.48  cm. 
.92  cm. 


Total 
Length. 


3.35  cm. 
3.5    cm. 


Length  Be- 
tween End 
Contacts. 
/ 


3     cm. 
2.7  cm. 


The  apparatus  was  set  up  as  indicated  in  Fig.  3.     The  plate//' 
was  placed  between  the  poles  of  an  electromagnet  in  such  a  way 


iSF— 1 


Fig.  3. 

that  the  magnetic  lines  of  force  were  perpendicular  to  it.  The  pole 
pieces  used  were  placed  about  1.5  cm.  apart  so  that  a  strong  uni- 
form field  could  be  obtained. 

The  determination  of  the  intensity  of  this  field  was  made  by 
comparison  with  one  of  known  value  at  the  center  of  a  long  solen- 
oid. Two  circular  turns  of  wire  3.6  cm.  in  diameter  were  placed 
between  the  poles  of  the  magnet  and  the  direction  of  the  current 
in  the  magnet  reversed.  The  deflection  of  the  galvanometer  was 
observed.  A  solenoid  90.8  cm.  long  and  2.6  cm,  in  outer  diam- 
eter of  four  layers  of  wire  was  used  as  the  primary  of  a  comparison 
field.     A  coil  of  fine  wire  1 1  cm.  long  placed  at  the  center  of  the 
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primary  was  used  as  a  secondary.  The  current  was  reversed  in  the 
primary  and  the  throw  produced  by  the  current  induced  in  the  sec- 
ondary observed.  The  field  between  the  poles  of  the  magnet  was 
fpund  by  comparison.     The  following  equation  is  true  : 


8' 


ipA 


A  =  effective  area  of  coil  between  magnet  poles. 
f  =  field  between  poles  of  magnet. 

d  =  deflection  produced  in  coil  by  reversing  current  in  magnet. 
A'  =3  effective  area  of  secondary  of  comparison  field. 
(p'  s  field  at  center  of  solenoid. 

d'  »  deflection  produced  by  current  in  secondary  when  current 
in  primary  was  reversed. 

Substituting  in  the  above  formula  particular  values  of  the  known 
field  and  corresponding  galvanometer  deflections  the  following  re- 
sult was  obtained : 

f  =  *x  47S-97- 

Table  II. 


Current  in 

Oelvanometer  Deflection. 

MasnetlcField. 

Ampere*. 

Upon  Reverelng  Field 
in  One  Direction. 

Upon  Reverelng  Field  in 
Opposite  Direction. 

Aversffe. 

C.O.8. 

5.153 

5.4 

5.4 

5.4 

2,570 

6.125 

5.5 

6 

5.55 

2,641 

6.813 

5.7 

5.7 

5.7 

2,713 

9.125 

6 

6 

6 

2,855 

10.063 

6.2 

6.2 

6.2 

2,951 

10.625 

6.3 

6.3 

6.3 

2,998 

Table  II.  gives  the  field  between  the  magnetic  poles  for  a  number 
of  different  current  values.  A  calibration  curve  was  drawn  from 
which  the  field  strength  corresponding  to  any  current  might  be 
obtained. 

A  current  shunted  from  a  storage  battery  B  (Fig.  3)  was  passed 
longitudinally  through  the  plate  between  /  and  /'.  To  measure 
the  transverse  current  through  the  plate  the  points  SS'  were  con- 
nected to  a  galvanometer  circuit  in  such  a  way  that  the  circuit 
included  a  known  resistance  {R^  shunted  from  a  standard  cell  circuit. 
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A  D'Arsonval  galvanometer  of  the  Sullivan  type  was  used  for 
these  measurements.  An  attempt  was  made  to  use  a  weak  field 
Thomson  instrument  of  greater  sensibility  but  the  magnetic  disturb- 
ances due  to  the  street  cars  and  various  other  sources  were  such  as 
to  make  the  use  of  this  instrument  impossible. 

A  longitudinal  current  through  the  plate  between  /  and  f^  pro- 
duces a  difference  of  potential  at  points  along  parallel  edges  of  the 
plate  such  as  5  and  S\  unless  they  are  exactly  opposite.  By  ad- 
justing R^  any  diflFerence  of  this  sort  may  be  compensated  for  by 
the  current  from  the  standard  cell  5  until  there  is  no  deflection  of 
the  galvanometer.  The  resistance  R^  was  so  high  that  the  E.M.F. 
of  the  standard  cell  remained  constant  on  closed  circuit. 

Another  necessary  precaution  was  the  prevention  of  any  inductive 
effect  upon  the  galvanometer  circuit  due  to  the  action  of  the  mag- 
net when  the  current  through  it  was  turned  on  or  off.  This  was 
accomplished  by  carefully  twisting  the  wires  leading  from  5  and  S' 
and  by  the  addition  of  adjustable  loops  if  necessary. 

The  Hall  effect  was  measured  as  follows :  A  current  from  the 
storage  battery  B  was  passed  through  the  plate  between /  and/'. 
Then  the  magnetizing  current  was  started  so  as  to  develop  lines  of 
force  perpendicular  to  the  plate.  An  E.M.F.  due  to  the  Hall  effect 
was  then  generated  between  5  and  S'  and  produced  a  deflection  of 
the  galvanometer.  The  direction  of  this  E.M.F.  was  changed  by 
reversing  the  polarity  of  the  magnet  or  by  changing  the  direction  of 
the  current  from  the  storage  cells  through  the  plate.  The  magni- 
tude of  the  effect  was  measured  by  changing  the  resistance  R^  suffi- 
ciently to  restore  a  balance  and  bring  the  galvanometer  to  rest  in 
the  position  it  occupied  before  the  magnetic  circuit  was  closed. 
The  E.M.F.  produced  by  the  action  of  the  magnetic  lines  of  force 
upon  the  current  was  then  easily  computed. 

An  attempt  was  made  to  determine  the  dependance  of  the  effect 
upon  the  strength  of  the  current  through  the  plate  and  the  intensity 
of  the  field,  but  the  results  were  not  satisfactory  because  less  current 
through  the  plate  and  a  weaker  magnetic  field  produced  no  measur- 
able eflFect  upon  the  galvanometer  used.  The  current  through  the 
plate  could  not  be  greatly  increased  without  heating  the  plate  and 
producing  thermal  effects  which  were  larger  than  the  Hall  efTect. 

In  order  to  compare  the  results  obtained  with  those  for  other 
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substances  the  rotary  power  was  computed  in  the  usual  way  as  in- 
dicated below. 

ed 
Rotary  power  «  ^  . 

M^  strength  of  magnetic  field  in  C.G.S.  units. 
7=3  strength  of  primary  current  in  C.G.S.  units. 
^  a  transverse  E.M.F.  in  C.G.S.  units. 
d  s  thickness  of  plate  in  cm. 

Table  IV. 

PlaU  II.     Thickmss  (</)  =  .13056  cm.    E.M.F.  of  Standard  Qark  CeU=\.A79. 


Jf. 

(Av.) 

i 

# 

/ 

c 

M 

td 

Rx 

Cur- 

Cur- 

IM 

r«iiton. 

rent  off. 

At. 

99,200 

21 

15 

22 

27.9 

21.5 

5.95 

1.437  XlO-» 

8.55LX  10» 

.01477 

6.5 

2,668 

28.4 

39 

49 

37 

27 

99,200 

34.5 
25 

24.5 
17.5 

35.2 

10 

1.437  X10-» 

14.37X10" 

.02438 

10.26 

2,970 

25.8 

99,200 

25 
50 

33 
34 

25.1 

7.75 

1.437  X  10-» 

11.14X10» 

.01749 

10.66 

3,200 

25.9 

99,200 

42 

23.5 

24.5 

54 

17.5 

17 

45 

14 

1.437X10-' 

20.12X10" 

.029 

10.26 

2,965 

31.6 

99,200 

24.5 

32 

23.2 

7 

1.437X10-' 

10.06  X10» 

.016695 

8.208 

2,790 

28.2 

1 

ATcrage-28.0 

Tables  III.  and  IV.  give  the  data  necessary  for  this  computation 
and  the  results  obtained  for  Plates  I.  and  II.  The  sign  of  the  Hall 
effect  on  silicon  is  negative  according  to  the  convention  used  in  these 
values.  The  rotary  power  is  considered  positive  when  a  positive 
transverse  current  is  generated  in  the  plate  in  that  direction  in 
which  the  conducting  strip  tends  to  move  under  the  action  of  the 
main  current  and  the  magnetic  force. 

Fig.  4  indicates  the  absolute  direction  when  the  main  current 
flows  upward.  The  direction  of  the  effect  in  silicon  is  the  same  as 
that  in  gold. 

Effect  of  Low  Temperature. 

In  order  to  determine  the  effect  of  temperature  upon  the  Hall 
effect  in  silicon,  Plate  I.  was  cooled  to  a  temperature  of  —  lOO®  C. 
and  the  effect  compared  with  that  at  ordinary  temperatures. 
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The  silicon  plate  was  fastened  to  a  copper  strip  5.3  cm.  wide 
and  3  mm.  thick,  the  glass  to  which  it  was  fastened  serving  as 
insulation  (Fig.  5).  The  copper  was  adjusted  so  that  the  end  to 
which  the  silicon  was  fastened  was  placed  between  the  poles  of  the 
electromagnet.  The  lower  part  of  the  copper  plate  extended  into 
a  Dewar  bulb  containing  liquid  air. 

The  temperature  obtained  was  measured  by  means  of  a  thermo- 
j  unction. 

The  ratio  of  galvanometer  deflections  at  room  temperature  and 
at  —100°  was  taken  to  indicate  relative  values  of  the  Hall  effect  at 
these  temperatures.     The  current  through  the  electromagnet  was 


Fig.  4.  Fig.  5. 

kept  unchanged  at  the  two  temperatures  and  that  through  the 
plate  was  adjusted  to  the  same  value.  This  adjustment  was  nec- 
essary since  the  increase  in  resistance  at  the  lower  temperature 
caused  a  corresponding  decrease  in  current.  The  resistances  R^ 
and  R^  were  the  same  in  both  cases. 

Table  V.  gives  deflections  produced  at  room  temperatures  and 
at  —100°. 

The  difference  in  potential  due  to  the  Hall  effect  decreases  as 
the  temperature  is  lowered.  At  —100°  the  effect  is  .496  that  at 
room  temperature.  In  some  substances  such  as  tellurium  the 
effect  increases  at  low  temperatures.  Bismuth  shows  an  increase  to 
a  point  of  inflection  at  about  —  50°  C,  then  a  decrease.  A  peculiar- 
ity with  regard  to  the  Hall  effect  in  silicon  is  not  inconsistent  with 
other  physical  properties  of  the  substance.     The  resistance  is  very 
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Galvanometer  Deflections  Produced  by  the  Same  Magnetic  Field  and  Primary  Current 
through  the  Plate  at  Ordinary  and  Low  Temperatures,     R^  =  9|000.     R^  =0. 


Room  Temperature. 
Galvanometer  Deflection. 

Temperature  =  —  loo®  C. 
Galvanometer  Deflection. 

Field  in  a  Given 
Direction. 

Field  in  Oppoeite 
Direction. 

Field  in  a  Given 
Direction. 

Field  in  Oppoeite 
Direction. 

4 

3 

1 

1 

3 

2.7 

1.1 

1.2 

3 

2.7 

.7 

1.5 

4 

3 

1 

2.7 

2.5 

1.3 

3 

1.5 

3 

•2.5 

1.5 

2 

2.7 

2 

1.8 

3.3 

2.5 

1.2 

2.8 

3 

1.5 

3 

2.3 

1.5 

2 

1.5 

2 

1.2 

3 

1 

2 

1.5 

3.2 

2.8 

2.9 

Av.  =2.911 

2.518 

1.271 

1.425 

Average  deflection  =  2.7145.  Average  deflection  =  1.348. 

1.348 
Ratio  of  deflection  at  — 100^  to  that  at  room  temperature  =  2~7i4C  =  •496. 


high  and  the  temperature  coefficient  negative, 
tromotive  force  is  extremely  large. 


The  thermal  elec- 


Relation  between  Hall  Effect  and  Thermoelectricity. 

Dr.  J.  C.  Beattie  in  a  paper,  "  On  the  Relation  between  the  Hall 
Effect  and  Thermoelectricity  in  Bismuth  and  in  Various  Alloys,"  * 
found,  in  these  substances,  a  very  close  connection  between  the  two 
phenomena.  Metals  which  occupy  an  extreme  position  thermo- 
electrically  have  a  correspondingly  extreme  position  as  regards 
Hall  effect.  This  is  true  of  bismuth  and  tellurium  and  Dr.  Beattie 
predicted  that  this  relation  would  hold  for  other  substances. 

*  Beattie,  J.  C,  Proc.  Roy.  Soc.  Edin.,  1895-96. 
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He  gives  the  following  list  of  metals  arranged  in  a  thermoelec- 
tric series  given  by  Wiedemann.* 

Table  VI. 


M0t«l. 

Rour^ 

'  Coefficient  of 

Thermoelectric  Power 

all  Effect. 

at  aoo  C. 

Silicon  99  per  cent,  pure 

— 

L20.2 

Silicon  95  per  cent  pure 

— 

28.0 

— - 

100 

Bismuth 

— 

10.1 

— 

89 

Cobalt 

+ 

0.00459 

— 

22 

Nickel 

— 

0.0242 

— 

15.5    (at50«) 

German  silver 

— 

0.00053 

— 

11.75 

Palladium 

— 

0.00115 

— 

6.9 

Aluminium 

— 

0.00038 

— 

0.68 

Lead 

+ 

0.00009 

0 

Tin 

— 

0.00004 

+ 

0.1 

Copper 

— 

0.00052 

+ 

3.8 

Platinum 

— 

0.00024 

+ 

0.9 

Gold 

— 

0.00071 

+ 

L2 

SiWer 

— 

0.00083 

+ 

3 

Zinc 

+ 

0,00041 

+ 

3.7 

Cadmium 

+ 

0.00055 

+ 

3.48 

Iron 

+ 

0.0113 

+ 

17.5 

Antimony 

+ 

0.192 

+ 

22.6 

Tellurium 

+  532.000 

+  502 

In  the  second  column  is  given  the  direction  and  magnitude  of  the 
Hall  effect  according  to  the  results  of  Ettinghausen  and  Nernst.* 
In  a  third  column  has  been  added  the  values  of  thermoelectric 
power  taken  from  the  Smithsonian  tables.  The  results  obtained 
for  silicon  have  also  been  inserted.  This  substance  verifies  Dr. 
Beattie's  prediction  both  as  regards  direction  and  approximate  mag- 
nitude. The  thermal  E.M.F.  is  larger  than  that  of  bismuth  and  in 
the  same  direction.  This  is  also  true  of  the  rotary  coefficient  of 
the  Hall  effect. 

A  further  relation  was  traced  for  bismuth  showing  that  with 
change  in  temperature  there  is  a  corresponding  variation  in  Hall 
effect  and  thermoelectric  power.  That  such  a  relation  holds  in  the 
case  of  silicon  upon  reduction  of  the  temperature  to  —  100°  is  evi- 

1  Wiedemann's  Lehre  von  der  Electricitftt,  Bd.  II. 

'  Sitzungsberichte  der  Kaiserlichen  Akademie  zu  Wien,  1886. 
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dent  from  the  curves  ^  showing  the  thermoelectric  power  of  this 
substance.  The  Hall  effect  is  smaller  at  this  low  temperature  being 
.496  its  value  at  room  temperature.  The  thermoelectric  power  is 
also  less  —  about  .75  of  its  value  at  20®  C.  While  the  proportion- 
ality is  not  strictly  true,  the  relation  is  evident. 

The  plate  which  contains  the  least  impurity  (Plate  I.)  has  the 
larger  Hall  effect,  indicating  that  the  presence  of  foreign  substances 
tends  to  diminish  the  effect. 

The  physical  properties  of  silicon  are  of  such  a  peculiarly  inter- 
esting nature  that  it  would  be  highly  desirable,  in  work  of  this  sort, 
to  have  chemically  pure  material.  Thus  far  it  has  been  irnpossible 
to  get  such  metallic  silicon  in  quantities.  At  the  suggestion  of 
Professor  Nichols,  the  author  has  tried  various  methods  of  obtain- 
ing pure  material  and  of  getting  the  amorphous  silicon  into  a  form 
which  could  be  used  for  the  investigation  of  physical  properties. 
Further  experiments  would  be  necessary  to  determine  the  value  of 
these  processes. 

Physical  Laboratory, 
Cornell  University. 

1  Wick,  Frances  G.,  Phys.  Rev.,  Vol.  XXV.,  No.  5,  p.  389. 
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EFFECT  OF  THE  CATHODE  RAYS  IN  CHANGING  THE 
COLORS  OF  CERTAIN  MINERALS. 

By  C.  C.  Hutchins. 

SOME  twelve  years  since  it  was  observed  that  if  green  or  color- 
less fluorite  were  subjected  to  the  action  of  the  cathode  ray 
in  a  vacuum,  the  color  of  the  mineral  was  changed.  The  matter 
has  been  somewhat  farther  investigated  with  the  following  results. 

A  straight  glass  tube  about  1 5  cm.  long  and  2  cm.  in  diameter 
is  furnished  with  a  flat  disc  electrode  at  either  end  and  midway 
with  an  aluminum  shelf.  A  side  tube  with  ground-in  joint  serves 
to  introduce  and  remove  the  specimens,  which  rest  upon  the  shelf, 
opposite  the  cathode. 

A  high  vacuum  being  produced  in  the  tube  the  minerals  are 
bombarded  in  the  cathode  stream.  The  current  is  kept  low  so  as 
not  to  unduly  heat  the  tube  or  minerals. 

Fluorite. 

The  most  common  varieties  of  this  mineral  are  colorless,  green 
and  amethyst.  By  the  action  of  the  cathode  ray  the  colorless  and 
green  are  quickly  changed  to  the  amethyst  variety. 

If  the  vacuum  be  high  and  the  current  weak  the  change  pene- 
trates deeply  into  the  mineral.  With  a  lower  vacuum  or  stronger 
current  the  penetration  is  not  as  deep  but  the  surface  coloration 
more  intense,  at  length  becoming  bronzed,  and  looking  exactly  as 
though  a  solution  of  violet  analine  had  been  allowed  to  dry  upon 
the  surface  of  the  mineral.  In  the  latter  case  the  surface  being 
ground  or  chipped  away,  the  unchanged  -mineral  is  found  below. 
It  is  interesting  to  note  that  at  all  stages  the  color  produced  by  the 
cathode  ray  is  indi^inguishable  from  that  of  the  native  mineral, 
differing  only  in  intensity. 

Tourmaline. 
Tourmalines  from  Paris,  Maine,  and  a  few  neighboring  localities 
are  commonly  pink  or  green  in  color ;  the  two  colors  not  infre- 
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quently  being  united  in  the  same  ctystal.  In  this  case  the  ctystal 
may  shade  from  nearly  colorless  at  one  end  through  various  tints 
of  pink  into  light  and  dark  green  at  the  other  end.  A  crystal  pale 
pink  in  color  was  broken  in  two ;  one  piece  kept  for  comparison, 
and  the  other  treated  in  the  vacuum  tube  for  twenty  minutes.  At  the 
end  of  that  time  the  pink  tint  of  the  treated  fragment  had  changed 
to  the  characteristic  tourmaline-green.  The  crystal  was  not  very 
transparent,  but  the  change  seemed  to  be  complete  throughout,  so 
that  further  treatment  produced  no  further  visible  change.  The 
change  was  not  the  effect  of  heat ;  for  when  the  untreated  half  was 
heated  for  half  an  hour  no  change  was  produced  in  it.  Both  parts 
were  boiled  together  in  nitric  acid,  washed  and  dried,  without  pro- 
ducing alteration  in  either. 

Corundum. 

A  semi-transparent  crystal  of  this  mineral  was  broken  into  three 
pieces.  One  piece  was  kept  for  comparison,  the  second  was  treated 
for  five  minutes  and  the  third  for  twenty  minutes. 

The  original  color  of  the  specimen  was  not  uniform,  being  bluish 
in  spots  and  in  others  reddish  —  the  general  effect  being  light 
purple.  The  change  in  tint  even  in  the  piece  receiving  the  shorter 
treatment  was  unmistakable ;  so  that  the  three  pieces  being  placed 
in  the  hand  of  a  person  who  knew  nothing  about  the  matter,  he 
instantly  distinguished  among  them,  pronouncing  the  longest  treated 
piece  the  palest  of  the  three. 

The  imperfect  transparency  of  the  specimen  does  not  permit 
much  more  to  be  added.  No  change  was  produced  by  subsequent 
heating  and  boiling  in  nitric  acid. 

When  the  color  of  a  mineral  depends  upon  some  chemical  ad- 
mixture the  fact  is  often  revealed  by  its  fluorescence ;  which  at  the 
same  time  is  a  very  delicate  test  of  such  admixture.  For  instance : 
fragments  of  green  and  flesh-colored  apatite  were  treated  to- 
gether in  the  tube ;  the  green  fluoresced  green  and  the  flesh- 
colored  red,  but  the  color  of  neither  was  changed  by  the  treatment. 

Again :  a  bit  of  perfectly  transparent  and  nearly  colorless  cyanite 
fluoresced  yellow,  and  with  remarkable  brilliancy  surpassing  wil- 
lemite  even.    A  piece  only  0.5  sq,  cm.  in  area  gave  sufficient  light 
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to  enable  the  reading  of  a  watch  nearly  a  meter  distant  On  the 
other  hand  the  ordinary  blue  cyanite  fluoresces  red,  almost  exactly 
like  corundum. 

The  action  of  the  cathode  ray  in  affecting  mineral  coloration 
brings  to  mind  the  recently  discovered  action  of  radium  emanation 
upon  the  corundum  minerals,  and  strongly  suggests  that  some 
minerals  have  been  changed  while  in  the  earth  by  radio-activity. 

The  fact  that  fluorite  is  often  found  in  alternate  crystalized  bands 
of  colorless  and  amethyst,  and  that  the  tourmaline  is  bi-colored, 
may  be  in  some  way  connected  with  the  pyro-electric  properties  of 
the  minerals  —  known  to  be  particularly  marked  in  tourmaline.  I 
have  left  a  small  heap  of  moderately  active  radium  on  a  transparent 
fluorite  plate  for  eight  months  but  no  visible  change  has  yet  been 
produced.  The  same  radium  has  colored  pink  the  glass  tube  in 
which  it  is  kept.  One  may  not  infrequently  find  fragments  of  glass^ 
originally  white,  changed  to  the  same  color  that  radium  imparts  to 
glass,  by  merely  lying  long  exposed  in  contact  with  the  earth.  I 
am  told  that  in  our  southwestern  deserts  the  change  is  effected 
with  comparative  rapidity. 

I  now  publish  the  above  notes  in  the  hope  that  some  one  having 

better  and  more  extensive  material  than  is  at  my  command  may 

take  up  and  pursue  the  matter. 

BowDoiN  College, 
Brunswick,  Maine, 
January  23,  1908. 
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LIQUID  ABOVE  THE  CRITICAL  TEMPERATURE.^ 
By  W.  p.  Bradley,  A.  W.  Browne  and  C.  F.  Hale. 

IF  the  wide  glass  pressure  tube  of  a  Cailletet  liquefaction  appa- 
ratus be  filled  with  pure  carbon  dioxide '  and  compressed,  not 
too  slowly,  into  progressively  smaller  volume,  while  the  bath  is  main- 
tained constant  at  some  point  below  the  critical  temperature,  at  a 
certain  volume  the  eye  of  the  observer  may  notice  a  series  of  phe- 
nomena due  to  liquefaction. 

Beginning  usually  at  the  level  of  the  top  of  the  mercury  column, 
a  thin,  transparent  cylindrical  sheath  mounts  upward  in  immediate 
contact  with  the  walls  of  the  glass  tube,  loses  width  when  it  strikes 
the  curve  at  the  top  of  the  tube,  then  closes  together  at  the  point. 
This  appearance  is  due  of  course  to  the  wetting  of  the  interior  walls 
of  the  tube.  Under  the  circumstances  named,  the  liquid  cannot  be 
seen  to  form  anywhere  else  than  on  the  walls  of  the  tube,  except 
indeed  occasionally  on  the  mercury  meniscus,  if  the  latter  has  suf- 
ficient area.  The  reason  is  clear.  While  the  volume  is  decreasing, 
heat  of  compression  maintains  all  of  the  gas  at  a  higher  tempera- 
ture than  that  of  the  bath.  The  disparity  of  temperature  between 
gas  and  bath  is  greatest  in  the  center  of  the  tube,  and  least  at  the 
walls,  which  conduct  away  the  heat*  When  the  volume  corre- 
sponding to  incipient  liquefaction  is  reached,  liquid  forms 
in   that   part   of    the    gas   which  is    coolest  —  that    is,    on    the 

^  The  subject-matter  of  the  present  paper  was  suggested  by  some  obsenrations  which 
were  made  during  an  investigation  of  the  effect  of  mechanical  shock  upon  carbon  dioxide 
near  the  critical  temperature.  {Phys.  Rev.,  19,  1904,  258-272;  26,  470-482,  1908.) 
It  may  properly  be  considered  as  part  of  the  inquiry  named,  which  was  assisted  by  Grant 
No.  104  from  the  Elizabeth  Thompson  Science  Fund. 

'  The  gas  used  in  these  experiments  contained  impurity,  unabsorbed  by  potassium 
hydroxide  solution,  equal  to  I  part  by  volume  in  from  30,000  to  40,000.  (Cf.  Journal  of 
the  American  Chemical  Society,  30,  1 090-1096,  1908.) 

*  It  will  be  apparent  that  these  phenomena  are  much  more  pronounced  in  wide  tubes 
than  in  narrow  ones.  Our  pressure  tube  was  of  6  mm.  internal  diameter.  (Loc.  cit., 
p.  263.) 
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walls.  Moreover  it  begins  to  form  at  that  point  on  the  walls  which 
is  cooled,  in  a  sense,  both  without  and  within  —  that  is,  at  the  level 
of  the  top  of  the  mercury  meniscus  —  and  ends  at  the  point  most 
affected  by  the  heat  of  compression  —  namely,  the  tip  of  the  tube, 
against  which  the  convection  currents  set  up  by  the  heated  central 
core  of  the  gas  are  directed.*  The  process  is  simply  a  progressive 
wetting  of  the  internal  glass  surface  from  below  upwards. 

Almost  immediately  the  liquid  can  be  observed  flowing  down  the 
walls  in  ripples,  which  present  much  the  same  appearance  as  that  of 
water  flowing  down  a  roof,  or  a  spent  wave  receding  on  the  beach. 

If  the  initial  volume  is  considerably  greater  than  the  volume  of 
saturation  and  the  compression  is  checked  sharply  at  the  appearance 
of  the  ripples,  no  accumulated  liquid  can  be  detected,  as  a  rulo,  when 
thermal  equilibrium  is  again  established  between  the  carbon  dioxide 
and  the  bath.  On  the  other  hand  when  the  gas  is  saturated,  and 
there  is  any  liquid  present  before  compression,  the  quantity  of  the 
latter  is  notably  increased  by  the  newly  formed  liquid  which  flows 
down  into  it. 

The  new  liquid  of  course  is  always  warmer  than  that  into  which 
it  runs,  and  therefore  Jess  dense.  If  there  is  but  little  of  it,  and  its 
speed  down  the  walls  is  slight,  it  stops  at  the  meniscus  or  hot  far 
below.  If  there  is  considerable  of  it  and  it  rushes  down  the  glass, 
it'penetrates  more  deeply  below  the  surface,  leaving  the  glass  how- 
ever after  it  reaches  the  meniscus,  and  curving  inward  more  and 
more  as  it  diffuses  into  the  older  liquid.  In  either  case,  its  course 
after  striking  the  meniscus  can  be  followed  for  a  little  by  the  "  striae  " 
or  lines  of  differential  refraction  which  appear.  Naturally  the  dif- 
fusion is  seen  at  its  best  when  there  is  considerable  of  the  older 
liquid  present. 

Another  phenomenon  which  may  be  noted  by  close  scrutiny 
is  a  sort  of  agitation  or  tremulousness  in  the  bottom  of  unsaturated 
gas  just  before  the  sheath  "lifts"  on  the  glass.  This  agitation 
seems  to  be  limited  to  a  few  degrees  below  the  critical  temperature. 
When  the  bath  temperature  is  28^  for  instance,  it  is  seen  only  oc- 
casionally and  faintly,  and  close  to  the  mercury,  while  it  becomes 

^  Probably  also  the  approximately  hemispherical  shape  of  the  tip,  presenting  relatively 
less  surface,  contributes  to  the  same  result 
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rapidly  more  pronounced,  and  may  be  seen  at  a  greater  height  above 
the  mercury,  as  temperatures  nearer  the  critical  are  chosen. 

There  can  be  little  doubt  that  the  layer  of  gas  next  the  mercury, 
being  cooler  than  the  entire  system  above  it,  is  the  first  to  feel  the 
approach  of  saturation,  and  probably  a  liquid  film  forms  on  the 
mercury  surface  before  it  shoots  up  the  glass.  Unfortunately  it  was 
never  possible  to  establish  this  priority  by  observation.  In  fact  it 
was  only  once  or  twice  that  liquid  was  seen  forming  on  the  mercury 
surface  at  all.  The  difficulties  of  observation  in  this  regard  are  very 
great,  for  liquefaction  conducted  on  so  small  a  scale. 

Below  the  critical  temperature  these  phenomena  are  very  simply 
explained  by  the  simultaneous  presence  of  liquid  and  vapor  in  the 
carbon  dioxide.  Every  one  of  them  persists  above  the  critical  tempera- 
ture. As  will  be  shown,  this  is  not  only  tru^  qualitatively,  but 
the  quantitative  changes  which  are  brought  about  by  rise  of  tem- 
perature present  no  discontinuity  at  the  critical  temperature. 

The  method  of  experimentation  either  above  or  below  the  critical 
temperature  was  as  follows  :  The  apparatus  ^  was  stationed  in  front 
of  a  north  window  so  that  the  contents  of  the  pressure  tube 
could  be  observed  by  diffused,  transmitted  light.  The  gas  having 
been  already  so  far  compressed  that  it  was  all  directly  subject  to  the 
influence  of  the  bath,  and  the  latter  having  been  maintained  suffi- 
ciently long  at  the  desired  temperature,  the  volume  of  the  gas  was 
noted.  The  observer  then  opened  the  needle  valve  to  admit  water 
slowly  from  the  hydraulic  pump  into  the  pressure  jacket  of  the  ap- 
paratus. A  dial  gauge  connected  with  the  pressure  jacket  indicated 
the  increase  of  the  pressure  of  the  carbon  dioxide.  In  order  that 
successive  compressions  might  be  comparable  with  one  another  in 
speed,  an  assistant  read  aloud  the  progress  of  the  pointer  around  the 
dial,  calling  off  equal  intervals  of  pressure.  With  some  practice  the 
observer  could  so  manipulate  the  needle  valve  as  to  raise  the  pres- 
sure not  only  very  steadily  during  the  course  of  each  compression, 
but  with  practically  equal  speed  in  successive  compressions.  When- 
ever the  speed  became  abnormal  in  either  sense,  the  corresponding 
observation  was  rejected. 

On  the  instant  when  the  sheath  of  incipient  liquefaction  "  lifted  " 

*  Loc,  cit.,  p.  263. 
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and  the  rippling  commenced,  the  needle  valve  was  shut  and  the 
system  was  allowed  to  stand  until  the  carbon  dioxide  had  regained 
the  temperature  of  the  bath.  Its  volume  was  then  noted  again. 
Thermal  equilibrium  was  assumed  to  be  reached  when  the  pointer 
ceased  to  recede  upon  the  dial  of  the  gauge.  The  mechanical  lag 
of  the  pointer  was  corrected  by  gentle  tapping  upon  some  effective 
spot  upon  the  gauge. 

Inasmuch  as  for  a  given  initial  volume  the  final  volume  varies 
somewhat  with  the  speed  of  compression,  successive  readings  of  the 
final  volume  afforded  a  valuable  check  upon  the  uniformity  of  the 
speed,  as  well  as  upon  the  personal  equation  of  the  observer. 

Readings  of  the  final  volume  were  secured  for  a  series  of  initial 
volumes,  which  varied  from  the  largest  readable  volume  to  that 
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which  represented  nearly  complete  liquefaction.  When  one  such 
series  was  complete  the  thermostat  was  adjusted  to  another  tem- 
perature, for  a  second  series,  —  and  §o  on. 

The  results  for  four  sample  temperatures  are  given  in  the  follow- 
ing table,  and  are  plotted  also  in  Fig.  i . 

It  will  be  noticed  that  the  curves  for  all  four  of  the  temperatures 
begin  (at  the  right)  with  a  horizontal  portion  of  considerable  length. 
This  rounds  into  a  second  rectilinear  portion,  which  slopes  in  general 
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T. 

InhUa  Vol. 

Final  Vol. 

T. 

Initial  Vol. 

Pinal  Vol. 

cmm. 

cmm. 

cmm. 

cmm. 

280 

578 

267.5 

zv 

570.5 

243.8 

385.5 

263.2 

403.4 

242.3 

336.4 

261 

258 

227.4 

291 

240.2 

204.4 

194 

243.4 

164 

150.7 

135.6 

190.8 

112 

112.5 

99.5 

30^ 

575.5 

247.8 

34« 

570.5 

226.4 

325 

248.6 

459 

228.5 

276 

241.2 

367.6 

228.5 

239 

218 

278 

225.4 

213.8 

198.1 

224.3 

196 

185.5 

162.4 

183.4 

168.5 

170.7 

139 

153.5 

145.2 

139 

114 

114.1 

108.1 

towards  the  origins  of  the  axes.  This  portion  in  turn,  in  the  case 
of  the  lower  two  temperatures,  curves  into  a  third  rectilinear  which 
is  more  nearly  horizontal  and  ends  abruptly  when  the  initial  and  final 
volumes  are  approximately  the  same.  For  the  two  higher  temper- 
atures this  approximate  equality  is  reached  at  the  end  of  the  second 
rectilinear. 

To  understand  the  meaning  of  these  ripple  curves,  let  XYZ^  in 
Fig.  2,  be  a  liquefaction  area,  whose  ordinates  are  pressures  and 
whose  abscissas  are  volumes,  and  let  ABCD  be  the  isothermal 
of  any  selected  temperature  below  the  critical.  If  the  volume  of 
gas  at  -/4  be  compressed  with  a  measurably  uniform  velocity,  all  of 
the  gas  will  become  heated  until  the  temperature  gradient  is  such 
that  the  heat  of  compression  flows  outward  into  the  bath  as  fast  as 
it  is  produced.  From  the  point  where  thermal  equilibrium  is  reached 
the  compression  becomes  isothermal',  but  its  curve  lies  higher  than 
that  of  the  bath  temperature.  As  the  gas  at  the  center  of  the  com- 
pression tube  will  always  be  hotter  during  compression  than  that 
which  is  near  the  walls,  its  isothermal,  considered  separately,  will 
be  higher  than  that  of  the  latter. 

Let  bVB'  represent  the  isothermal  of  the  gas  at  the  center,  and 
for  the  sake  of  simplicity  let  it  be  assumed  that  the  gas  at  the  walls 
follows  the  isothermal  of  the  bath  temperature,  ABCD^  though  this 


Digitized  by 


Google 


No.  2.]        LIQUID  ABOVE  THE  CRITICAL  TEMPERATURE. 


95 


of  course  would  never  be  strictly  true.  '  If  compression  begins  at 
A' ^  A'b'  will  represent  the  course  of  the  gas  at  the  center,  and  A'af^ 
the  simultaneous  course  of  gas  at  the  walls.  As  the  pressure  at  any 
given  moment  is  necessarily  the  same  on  all  the  gas,  a'  and  b'  will 
be  reached  at  the  same  moment.  At  a'^  liquefaction  occurs,  the 
valve  is  shut,  and  compression  ceases.  The  total  volume  now  re- 
mains constant.     The  gas  at  ^,  if  alone,  would  fall  vertically  to  the 


Fig.  2. 

nonnal  isothermal  at  d,  but  equilibrium  will  be  reached  when  the 
system  as  a  whole  arrives  at  some  point  intermediate  between  a'  and 
d,  as  F. 

The  point  F  will  usually  lie  to  the  right  of  B,  if  {a)  the  compres- 
sion valve  is  promptly  closed  at  the  appearance  of  liquid ;  {b)  the 
compression  tube  is  a  wide  one  rather  than  capillary ;  (c)  the  rate  of 
compression  is  not  too  slow ;   and  {d)  the  walls  conduct  well.     In 
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these  experiments,  indeed,  residual  liquid  was  never  observed  so 
long  as  the  initial  volume  was  considerably  greater  than  the  volume 
of  saturation. 

Fig.  2  makes  clear  also  that,  other  things  being  equal,  the  points 
a'  and  b',  and  therefore  F,  are  independent  of  the  initial  volume 
A  so  long  as  the  latter  is  greater  than  A'.  The  situation  so  far 
is  represented  in  Fig.  i  by  the  horizontal  portion  of  the  curves. 

When  A  stands  sufficiently  far  forward  on  the  isothermal  AB,  gas 
near  the  walls  will  reach  of  before  the  gas  in  the  center  has  reached 
its  own  isothermal  bb'B'  at  all,  but  stands  at  some  point  on  the 
isobar  a'b^.  The  effect  is  to  shift  F  more  and  more  towards  the 
saturation  point  B,  This  situation  is  represented  in  that  portion  of 
the  curves  of  Fig.  i  which  is  concave  to  the  axis  of  volumes. 

Whenever  the  initial  volume  lies  at  the  left  of  B,  within  the  lique- 
faction area,  and  not  too  near  C,  gas  at  the  center  can  never  rise 
above  the  normal  isothermal,  assuming  still  that  gas  at  the  walls 
does  not,  and  the  sole  effect  of  decrease  in  volume  will  be  liquefac- 
tion of  gas  at  the  walls.  The  final  volume  will  lie  at  F"  between 
a",  representing  gas  at  the  walls,  and  A",  representing  gas  at  the 
center.  Moreover,  the  distance  A"F"  will  be  constant  In  other 
words,  there  will  always  be  an  increase  in  the  liquid  volume  after 
compression,  and  the  ripple  curve  becomes  rectilinear,  sloping 
toward  the  origins  of  the  axes. 

When  the  initial  volume  is  so  near  to  C  that  a"  reaches  C  on  its 
own  isothermal,  then*the  distance  by  which  F^'  is  in  advance  of -^4" 
decreases  until  A"  is  so  near  to  C  that  ripples  are  no  longer  seen 
at  all.  This  condition  is  represented  by  that  portion  of  the  curves 
at  the  left  in  Fig.  i  which  is  rectilinear  and  not  far  from  horizontal. 

By  similar  means  it  becomes  apparent  why  it  is  that  at  higher 
temperatures  than  the  one  just  now  chosen  for  discussion,  the 
first  horizontal  of  Fig.  i  is  longer ;  that  the  second  rectilinear  be- 
conies  shorter ;  and  that  the  last  rectilinear  becomes  shorter  and 
disappears  as  the  all-liquid  portion  of  the  isotherm  diverges  more 
and  more  from  a  true  vertical,  and  the  distance  5C  becomes  shorter 
than  A'' a!'. 

Regarding  the  ripple  curve  of  3 1  ®  it  should  be  noted  that  every 
time  ripples  were  observed,  the  system  as  a  whole  was  above  the 
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critical  temperature.  This  was  shown  by  the  appearance  of  the 
meniscus  just  before  thermal  equilibrium  was  established,  after 
compression,  between  the  carbon  dioxide  and  the  bath.  This  of 
course  was  when  the  initial  volume  was  not  too  large,  as  explained 
above.  Further,  when  the  initial  volume  was  small  enough  for  the 
existence  of  some  liquid,  compression  caused  at  one  and  the  same 
time  the  disappearance  of  the  meniscus  and  the  appearance  of  rip- 
ples. The  latter  followed  the  curve  of  the  glass  just  as  always  (a 
fact  indicative  of  their  liquid  character),  and  could  be  followed 
sharply  to  a  level  which  rose  slowly  higher  than  that  of  the  van- 
ished meniscus.  Having  arrived  at  this  rising  level,  which  was 
thus  quite  sharply  defined  though  it  was  itself  invisible,  the  ripples, 
still  descending  by  their  acquired  momentum,  left  the  glass,  curved 
more  and  more  inward  toward  the  center  of  the  tube,  became  rap- 
idly thinner  and  so  disappeared.  Presently  the  meniscus  appeared 
at  a  level  just  a  little  higher  than  that  at  which  the  last  ripples  bent 
away  from  the  glass  and  disappeared  by  diffusion.  All  of  the  phe- 
nomena of  ripple  curve  31°  down  to  the  minutest  detail  were  an 
exact  duplication  of  those  of  the  ripple  curves  for  28°  and  30° 
with  a  single  exception  of  the  visible  meniscus.  In  the  latter  two 
curves,  if  a  suitable  initial  volume  was  chosen,  ripples  ran  down 
until  they  reached  the  rising  meniscus  before  diffusion  and  their  dis- 
appearance began.  In  the  3 1  °  curve  there  was  no  meniscus  at  the 
top  of  the  liquid  until  the  rippling  was  over.  But  when  the  me- 
niscus did  finally  appear  it  was  found  at  the  level  where  the  conduct 
of  the  ripples  indicated  that  it  would  be. 

It  was  difficult  for  an  observer  not  to  believe  that  at  a  bath 
temperature  of  3 1  °  ripples  of  liquid  ran  down  the  glass  until  they 
reached  the  top  of  other  liquid  like  themselves,  with  which  they 
mixed  in  the  usual  way,  with  corresponding  increase  in  the  total 
liquid  volume.  Indeed  in  all  probability  a  doubt  would  never  occur, 
except  for  the  commonly  accepted  dogma  that  liquid  cannot  exist 
without  its  cap  on  I     We  shall  recur  to  this  point  later. 

Again,  identically  the  same  phenomena  appeared  at  31.5°,  33°, 
34°*  36°  and  38°,  though  of  course  there  was  no  visible  meniscus  ^ 
at  any  time  at  these  temperatures.     But  by  watching  the  conduct 
of  the  ripples  one  might  follow  the  accumulation  of  ''  liquid ''  at 
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each  temperature,  from  its  beginnings  at  the  mercury  until  the  total 
volume  was  nearly  all  liquid,  and  ripples  appeared  only  in  the 
extreme  tip  pf  the  pressure  tube.  Measurements  of  final  volume 
above  34°  were  of  doubtful  value  however,  as  the  needle  of  our 
gauge  ran  beyond  its  scale,  and  the  necessary  check  on  the  uni- 
formity of  the  speed  of  compression  was  lacking. 

Ripples  which  form  above  the  critical  temperature  follow  the  glass 
just  like  those  which  form  at  temperatures  below  that  point  Even 
those  which  form  near  the  tip  of  the  compression  tube  take  the 
longer  way  outward  along  the  glass,  instead  of  flowing  vertically 
downward  through  the  lighter  gas  below  them.  When  the  initial 
volume  is  too  large  to  admit  of  the  accumulation  of  liquid,  they 
run  down  the  entire  distance  to  the  mercury  without  any  loss  of 
"  body."  When  the  initial  volume  is  too  small  to  admit  of  the 
presence  of  vapor,  no  ripples  are  seen  at  all  under  compression. 
At  initial  volumes"  lying  between  these  two  extremes,  ripples  run 
down  to  some  characteristic  level,  which  is  lower  for  larger  initial 
volumes  and  higher  for  smaller  ones.  Arrived  at  this  level,  wher- 
ever it  may  be,  the  ripples  at  once  begin  to  leave  the  glass  and 
quickly  become  invisible,  giving  every  appearance  in  so  doing  of 
mixing  with  a  medium  of  a  density  allied  to  their  own. 

Ripples  alone,  in  a  region  where  changes  of  density  are  very 
great  and  very  rapid,  might  be  accounted  for  without  assuming  any 
change  of  physical  state,  but  such  a  group  of  phenomena  as  that 
given  above  can  hardly  be  so  explained.  Above  the  critical  temper- 
ature, as  below  it,  the  ripples  must  be  considered  as  consisting  of 
liquid,  and  they  flow  down  until  they  reach  the  top  of  the  other 
liquid,  if  any,  which  has  accumulated  as  the  result  of  previous 
compression.  When  the  carbon  dioxide  is  already  all  liquid, 
ripples  naturally  cannot  form  at  all. 

One  more  phenomenon  observed  above  the  critical  temperature 
deserves  mention.  As  has  been  said,  the  volume  of  invisible  liquid 
lying  on  the  mercury  could  be  gauged  with  approximate  accuracy 
by  observing  the  level  on  the  walls  at  which  the  ripples  produced 
by  compression  ceased  to  increase  in  thickness,  left  the  walls,  and 
began  to  disappear. 

This  level  having  been  determined,  and  the  heat  of  compression 
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having  been  allowed  to  disappear,  a  slight  increase  of  volume,  quite 
insufficient  to  cool  any  part  of  the  system  down  to  the  critical 
temperature,'  gave  rise  to  ripples  or  striae  which  appeared  in  the 
"  liquid  "  volume,  except  near  the  walls,  and  which  worked  their 
way  rather  slowly  upward  through  the  liquid  to  its  top,  and  then 
disappeared.  As  they  rose,  they  tended  somewhat  to  recede  from 
the  walls  toward  the  center. 

Now  expansion  is  a  cooling  process.  The  cooling  takes  effect 
chiefly  in  the  center  of  the  carbon  dioxide,  rather  than  at  the  walls, 
which  remain  approximately  at  the  temperature  of  the  bath.  Fall- 
ing ripples  or  striae  in  the  center  of  the  carbon  dioxide  might  easily 
be  accounted  for,  on  the  basis  of  the  orthodox  theory  of  the 
critical  state,  by  convection  currents  in  the  **  gas,"  of  which  the 
whole  volume  is  thought  to  consist.  Upward  ripples,  in  the  cool- 
est part  of  the  carbon  dioxide,  appearing  only  in  the  lower  portion 
of  the  same  and  ceasing  abruptly  at  a  certain  predetermined  level, 
can  apparently  be  accounted  for  only  as  the  result  of  a  change  from 
a  physical  state  of  greater  density  to  one  of  less  —  that  is,  from  the 
liquid  to  gas  or  vapor.^  Indeed  this  conclusion  is  strengthened  by 
the  fact  that  whenever  the  expansion  was  sufficient  to  cool  the  car- 
bon dioxide  below  the  critical  temperature,  so  that  the  meniscus 
temporarily  appeared,  it  appeared  always  where  the  compression 
ripples  would  have  led  one  to  expect  it,  and  the  upward  current 
temporarily  assumed  the  form  of  true  bubbles,  exceedingly  minute 
but  unmistakable.  In  the  interval  before  the  meniscus  faded  out 
again  in  consequence  of  the  inflow  of  heat  from  the  bath,  these 
bubbles  could  be  seen  to  rise  toward  the  meniscus,  and  disappear  if 
they  reached  it.  If  thermal  conditions  were  such  that  the  meniscus 
faded  quickly,  the  fog  of  bubbles  gave  way  again  to  ripples  or 
striae  which  likewise  rose  no  further  than  the  level  where  the  me- 
niscus had  been. 

When  there  was  no  "  liquid  "  present,  as  shown  by  the  flow  of 
compression  ripples  down  the  glass  quite  to  the  mercury,  no  up- 
ward currents  were  ever  produced  by  subsequent  expansion. 
When  the  carbon  dioxide  was  all  "liquid,"  as  shown  by  failure  to 
obtain  compression  ripples  because  of  the  small  initial  volume,  up- 

'Cf.  Ramsay,  Philosophical  Magazine,  16,  1883,  120. 
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ward  currents,  if  produced  at  all  by  expansion,  could  be  followed 
nearly  or  quite  to  the  top  of  the  tube.  In  any  case  intermediate 
between  these  extremes,  the  striae,  as  already  said,  ceased  upward 
at  the  same  level  as  the  compression  ripples  did  downward,  making 
of  course  due  allowance  for  the  small  increase  or  decrease  in  the 
"  liquid  "  volume  caused  by  the  very  **  condensation  *'  or  **  evapo- 
ration "  which  was  under  observation. 

Beginning  with  the  classic  work  of  Andrews*  in  1869,  there 
have  continued  to  accumulate,  with  reference  to  the  critical  state, 
facts  which  are  difficult  or  impossible  to  understand  except  on  the 
assumption  that  liquid  can  exist  above  the  critical  temperature. 
Previous  to  this  time  it  had  been  held  for  nearly  half  a  century,  and 
apparently  without  question,  that  the  disappearance  of  the  top  of  a 
liquid  was  sure  proof  th^  the  liquid  itself  had  ceased  to  exist ;  and 
it  is  perhaps  in  part  because  of  the  age  and  respectability  of  this 
traditional  interpretation  of  the  critical  state  that  comparatively  few 
venture  seriously  to  oppose  it  even  now. 

It  may  not  be  out  of  place  in  this  connection  to  call  attention 
again  to  some  of  the  typical  experimental  facts  which  are  not  in 
accord  with  the  generally  accepted  theory. 

I.  The  Course  of  the  Isothermals  for  Temperatures  not  too 
High  Above  the  Critical  Temperature. 
At  the  general  region  where  liquefaction,  if  any,  would  be  ex- 
pected, these  isothermals  exhibit  in  sequence  the  same  changes  in 
the  value  of  pv  as  occur  below  the  critical  temperature.  They 
bend  at  first  rapidly  toward  the  axis  of  pressures,  with  a  tendency 
to  become  perpendicular  thereto,  and  afterwards  reverse  the  curva- 
ture with  a  tendency  to  become  parallel  to  the  same.  Below  the 
critical  temperature  this  means  the  passage  into,  and  out  of,  an  area 
of  progressive  liquefaction.  Above  the  critical  temperature,  what 
else  can  it  mean  ?  Below  the  critical  temperature  liquid  and  vapor 
are  discontinuous  because  of  their  limited  solubility  in  each  other. 
Therefore  the  liquid  phase  not  only  becomes  localized  because  of 
its  greater  density,  but  it  possesses  a  meniscus.  Above  the  critical 
temperature  the  liquid  and  vapor  are  soluble  or  miscible  in  all  pro- 

1  Philosophical  Transactions,  159,  1869,  575-^> 
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portions.  Whether  the  two  are  stratified  in  obedience  to  their 
respective  densities  or  not,  there  can  never  be  a  meniscus.  If 
stratification  exists,  it  is  not  apparent  to  the  eye  in  the  usual  way, 
and  it  is  always  a  temporary  phenomenon  subject  to  the  ordinary 
laws  of  diffusion. 

II.    Andrews'  '   *'  Continuity  "  Experiment. 

Carbon  dioxide  is  heated  first  to  a  temperature  above  the  critical 
temperature  and  is  then  subjected  to  a  pressure  greater  than  the 
critical  pressure.  No  liquefaction  is  observed.  Then  with  constant 
pressure  the  "  gas  "  is  cooled  below  the  critical  temperature.  Still 
no  visible  liquefaction.  However,  the  carbon  dioxide  must  now  be 
all  liquid^  for  the  pressure  is  in  excess  of  that  required  for  liquefac- 
tion at  the  present  temperature.  And  in  fact  it  is  all  liquid,  as  be- 
comes evident  by  the  violent  febulition  which  occurs  throughout  the 
entire  mass  when  the  pressure  is  released.  Somewhere  during  the 
proces.<«  all  of  the  gas  has  changed  to  liquid,  but  at  no  point  has  it 
been  possible  to  see  the  liquid,  or,  let  us  rather  say,  at  no  point  has 
it  been  possible  to  see  the  top  or  any  other  surface  of  liquid. 

The  explanation  of  the  paradox  is  easy,  once  the  possibility  of 
the  existence  of  liquid  above  the  critical  temperature  is  granted. 

Beginning  at  that  part  of  the  compression,  above  the  critical  tem- 
perature, where  the  isothermals  begin  to  curve  towards  the  axis  of 
pressure,  liquefaction  occurred,  and  copiously.  As  the  liquid  so 
formed  is  perfectly  miscible  with  the  vapor  which  remains,  it  does 
not  become  localized,  with  a  visible  surface  to  it.*  Liquefaction 
would  not  be  complete  at  this  stage,  except  under  excessive  pres- 
sures. In  the  second  stage  of  the  experiment,  while  the  carbon  di- 
oxide was  cooling  toward  the  critical  temperature,  and  while  the 
pressure  continued  greater  than  the  critical  pressure,  liquefaction  be- 
came complete.  The  temperature  at  which  this  could  occur  de- 
pends on  the  pressure.  From  that  temperature  downward  there 
could  of  course  be  no  expectation  of  a  surface  to  the  liquid  other 
than  that  of  the  containing  walls. 

*  Loc.  cit. 

'  This  is  the  point  where  liquefaction  would  have  been  betrayed  by  ripples,  in  a  wide 
tube ;  but  Andrews'  tube  was  capillary. 
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III.    Experiments  by  which  the  Solvent  Power  of  Invisible 

Liquid  is  Made  to  Reveal  the  Presence 

OF  THE  Latter. 

The  experiment  of  Hannay  and  Hogarth  *  is  a  typical  one  in  this 
class.  A  solution  of  potassium  iodide  in  alcohol  was  heated  above 
the  critical  temperature,  and  the  potassium  iodide  did  not  fall  tumb- 
ling to  the  bottom  throughout  the  entire  former  liquid  volume  as 
soon  as  the  meniscus  disappeared,  though  it  ought  to  have  done  so 
if  the  orthodox  view  of  the  critical  temperature  is  correct.  No 
solid  whatever  appeared  even  at  380°,  or  140°  above  the  criti- 
cal temperature  of  alcohol.  Instead  of  explaining  this  fact  by 
assuming  that  liquid  alcohol  was  still  present  in  the  tube  though 
not  visible,  it  was  assumed  that,  at  sufficiently  high  pressures,  gas- 
eous alcohol  dissolves  potassium  iodide. 

This  otherwise  unsupported  hypothesis  was  directly  contradicted 
however  by  other  observations  of  Hannay  and  Hogarth.  If  a  hot  iron 
rod  was  held  close  to  the  side  of  the  hot  tube,  crystals  formed  on 
the  inner  surface  of  the  glass,  next  to  the  rod.  It  is  quite  clear  that 
the  extra  heat  supplied  locally  by  the  rod  could  not  have  lessened  . 
the  pressure  in  the  tube.  Doubtless  it  did  evaporate  liquid  alcohol 
locally.  It  was  observed  further  that  if  the  volume  of  the  solution 
at  350°  was  suddenly  increased,  a  precipitation  of  solid  occurred, 
which  disappeared  again  when  the  pressure  was  restored.  But  the 
increase  of  volume  was  calculated  to  evaporate  liquid  alcohol,  while 
the  sudden  expansion  would  temporarily  cool  that  which  remained 
and  so  decrease  its  solvent  power.  Altschul  *  afterward  showed  that 
a  general  precipitation  of  potassium  iodide  began  at  356°.  This 
is  doubtless  the  temperature  at  which,  by  progressive  evaporation 
of  invisible  liquid  alcohol,  his  solution  of  potassium  iodide  became 
saturated.  Probably  the  solution  was  more  concentrated  at  the 
start  than  that  of  Hannay  and  Hogarth. 

IV.  The  belt  of  irregular  refraction  in  an  undisturbed  Natterer 
tube  at  the  level  of  the  vanished  meniscus,  showing  a  lighter  me- 
dium above  and  a  denser  one  below.  The  belt  grows  broader  of 
course  by  diffusion,  and  in  time  disappears,  even  when  the  tempera- 
ture is  constant. 

1  Chemical  News,  40,  1879,  256;  41,  1880,  103-6. 

'  Zeitschrift  fUr  comprimirte  und  flOssige  Case,  I.,  1898,  207-8. 
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v..  The  striae  observed  when  a  Natterer  tube  which  is  above  the 
critical  temperature,  and  which  has  hitherto  been  undisturbed  in  its 
vertical  position,  is  turned  end  for  end.  Thestf  are  indicative  of  the 
mixing  of  miscible  media  of  different  densities,  and  their  appearance 
is  identical  with  that  observed  when  a  similar  tube  completely  filled 
with  stratified  alcohol  and  water  is  inverted. 

VI.  That  an  undisturbed  Natterer  tube,  cooled  from  a  higher  tem- 
perature to  the  critical,  shows  first  a  fog  belt,  then  the  meniscus 
suddenly  in  the  midst  of  it,  while  one  whose  contents  have  been 
well  mixed  above  the  critical  temperature  shows  fog  through  its  en- 
tire length  under  the  same  circumstances.  In  the  one  case  the  liquid 
has  the  opportunity  of  remaining  localized  when  the  critical  tempera- 
ture is  exceeded,  except  indeed  for  gradual  difTusion.  Naturally  the 
depth  of  the  fog  belt,  which  precedes  the  meniscus,  varies  in  this 
case  with  the  time  which  has  been  available  for  diffusion.  In  the 
other  case  the  whole  liquid  has  a  chance  to  mix  completely  with 
the  vapor  —  and  takes  it. 

VII.  Experiments  which  show  directly  the  persistence  of  diflTer- 
ences  of  density  as  between  the  upper  and  lower  portions  of  an  un- 
disturbed two-phase  system  after  the  critical  temperature  has  been 
passed.  From  this  very  comprehensive  class  may  perhaps  be  selected 
that  of  Cailletet  and  Collardeau  with  the  so-called  O-tube ;  *  that 
of  de  Heen  with  his  modified  Natterer  tube,  separable  by  a  valve 
into  two  parts; '  and  that  of  Teichner  with  his  little  glass  floats  of 
varying  buoyancy.*  In  this  class  belong  also  the  ripple  phenomena 
of  this  paper,  and  the  definition  of  the  vapor-liquid  boundary  by 
means  of  fog  produced  by  mechanical  vibration,  as  described  in  a 
former  article.* 

Much  of  the  confusion  now  existing  between  the  two  schools  of 
thought  regarding  the  nature  of  the  critical  state  appears  to  be  due 
to  a  difference  in  the  methods  of  observation.  Those  who  hold  to 
the  newer  view,  that  liquid  persists  above  the  critical  temperature, 
base  their  belief  principally  on  experiments  like  those  catalogued 
above  —  experiments  in  which  the  pressure  tube  is  purposely  left 

^Comptes  Rendtts,  Z02,  z886,  1202-7. 
*Zeitschrift  fUr  comprimirte  tmd  flttssige  Gase,  2,  1898,  97. 
*  Zeitschrift  fttr  anorganische  Chemie,  37,  1903,  232. 
^Phys.  Rev.,  26,  470-482,  1908. 
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undisturbed  by  any  external  influence  while  the  thermal  changes 
are  taking  place  and  where  the  observations  are  made  within  a 
reasonable  time  after  the  critical  temperature  has  passed. 

Those  who  hold  to  the  older  view,  that  at  the  critical  tempera- 
ture homogeneity  ensues,  find  their  warrant :  {a)  in  experiments  in 
which  either  the  critical  temperature  is  reached  and  passed  with 
extreme  slowness  or  the  observations  are  made  after  the  system 
has  remained  standing  in  thermal  equilibrium  for  long  periods  after 
the  critical  temperature  is  passed,  so  that  the  effect  of  more  or  less 
complete  diffusion  is  felt,  or  {b)  in  experiments  in  which  the  sub- 
stance under  examination  is  purposely  given  opportunity  to  mix, 
either  by  frequent  inversions  of  the  tube,  or  by  the  use  of  a  me- 
chanical stirrer  inside. 

Precisely  the  same  confusion  would  arise  over  the  critical  solu- 
tion temperature  of  an  acetone-water  system  under  the  same  circum- 
stances. Each  school  is  right  as  to  its  own  facts,  but  the  only  the- 
ory so  far  which  seems  to  include  all  the  facts  is  that  which  assumes, 
that  at  the  critical  temperature  the  miscibility  of  liquid  and  vapor 
ceases  to  be  limited.  This  theory  which  has  been  proposed  more 
than  once  ^  during  the  last  generation,  has  recentiy  found  its  sturd- 
iest champion  in  Julius  Traube.^  Deserving  of  special  emphasis  is 
Traube's  distinction  between  real  liquid  (liquidons)  and  the  liquid 
phase,  and  between  real  gas  (gasons)  and  the  vapor  phase  respec- 
tively, whereby  the  liquid  phase  is  to  be  understood  as  true  liquid 
(liquidons)  containing  true  gas  (gasons)  in  solution  — and  the  vapor 
phase  as  true  gas  (gasons)  containing  true  liquid  (liquidons)  in  solution. 

1  Jamin,  Comptes  Rendus,  96,  1883,  1448. 

CaiUetet  and  CoUardeau,  Annates  de  Chimie  et  de  Physique  (6),  18,  1889,  269. 

Batelli,  Atti  del  Reale  Istituto  Venetodi  science,  lettere  e  arti,  50,  1893,  161 5. 

Wesendonck,  Naturwissenschaftliche  Rundschau,  9,  1894,  209. 

Dwelshauven-Dery,  Bulletin  de  T  Academic  royale  de  Belgique  (3),  30,  1895,  570. 

Pictet,  Zeitschrift  fur  comprimirte  und  fliissige  Gase,  i,  1897,  63.  Cf.  also 
p.  207. 

de  Heen,  Zeitschrift  fQr  comprimirtd  und  flttssige  Gase,  2,  1898,  97.  Bulletin  de 
r  Academic  royale  de  Belgique,  1907,  859. 

Ramsay  and  Steele,  Zeitschrift  fOr  physikalische  Chemie,  44,  1903,  378.  Cf.  Pro- 
ceedings of  the  Royal  Society,  30,  1880,  323;  31,  194.  Philosophical  Magazine  (5), 
37,  1894,  215. 

*  Zeitschrift  fiir  anorganische  Chemie,  37,  1903,  225 ;  38,  1904,  399. 
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The  proportion  of  gasons  to  liquidons  in  the  liquid  phase,  and 
the  proportion  of  liquidons  to  gasons  in  the  vapor  phase,  is  limited 
below  the  critical  temperature  by  the  existence  of  a  saturation 
point.  Above  the  critical  temperature  there  is  no  such  limit. 
Above  the  critical  temperature  solutions  of  different  densities,  be- 
cause of  different  degrees  of  concentration,  may  still  be  stratified 
by  various  means,  but  such  a  condition  is  subject  to  the  influence 
of  gradual  diffusion,  just  as  is  the  case  when  two  liquids,  of  different 
densities  but  perfect  miscibility,  are  similarly  stratified. 

This  view  transforms  the  "area  of  liquefaction''  on  a  diagram 
of  isothermals  into  an  "  area  of  saturation."  Outside  of  this  area 
of  saturation,  on  the  side  opposite  the  axis  of  pressures,  liquid 
(liquidons)  may  exist,  less  or  more  according  to  volume,  but  never 
to  the  extent  of  saturating  the  gas  (gasons)  in  which  it  is  dissolved. 
Outside  of  the  same  area,  but  on  the  side  next  to  the  axis  of  pres- 
sures, gas  (gasons)  may  still  exist,  more  or  less,  according  to  vol- 
ume, but  never  to  the  extent  of  saturating  the  liquid  (liquidons)  in 
which  it  is  dissolved.  Above  the  critical  temperature,  true  liquid 
and  true  gas  may  exist  side  by  side  in  any  proportion,  according  to 
volume,  but  there  can  never  be  phases  except  in  the  loose  sense  of 
temporary  stratification. 

Outside  of  the  area  of  saturation  there  is  perfect  continuity  in 
every  direction.  The  area  of  saturation,  indeed,  is  after  all  only  an 
exceptional  case  in  an  otherwise  general  continuity  between  the 
liquid  and  gaseous  conditions  of  matter.  Andrews'  distinction  be- 
tween gas  and  vapor  in  terms  of  the  critical  temperature  may  still 
be  retained,  if  the  capacity  for  continuity  is  made  fundamental,  but 
not  otherwise.  An  aeroform  substance  is  "  gas  "  above  the  critical 
temperature,  and  **  vapor  "  below  that  temperature.  Whether  as 
"  gas  "  or  "  vapor  "  it  may  be  changed  to  liquid  by  pressure  alone 
—  as  '*  gas,"  with  perfect  continuity,  —  as  "  vapor,"  only  by  a  dis- 
continuous process  involving  saturation. 

Summary. 
I.  The  phenomenon  of  *'  rippling,"  which  is  observed  in  the  wide 
glass  compression  tube  of  a  Cailletet  apparatus  when  the  volume  of 
saturated  vapor  is  decreased,  shows  no  discontinuity  at  the  critical 
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temperature,  but  may  be  observed  in  detail,  under  corresponding 
conditions,  at  temperatures  up  to  38°,  and  probably  higher.  These 
ripples  flow  downwards  in  the  vapor  phase,  adhering  to  the  glass. 

2.  An  increase  in  the  volume  of  localized  "  liquid  "  results,  above 
the  critical  temperature,  in  ripples  or  striae  which  flow  upward, 
without  any  tendency  to  adhere  to  glass  but  rather  the  opposite, 
till  they  reach  the  localized  "  vapor."  Below  the  critical  tempera- 
ture these  ripples  or  striae  are  replaced  by  bubbles,  rising  to  the 
meniscus.  There  is  no  break  in  this  phenomenon  at  the  critical 
temperature,  except  as  to  definiteness  of  outline. 

3.  R6sum6  of  the  evidence  for  the  existence  of  liquid  above  the 
critical  temperature  ;  and  a  discussion  of  divergent  views  concern- 
ing the  nature  of  the  critical  state,  in  favor  of  the  theory  of  com- 
plete mutual  solubility  of  the  liquid  and  gas. 

Wkslkyan  University, 

MiDDLBTOWN,   CONN. 
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THE    FLUORESCENCE     AND    MAGNETIC    ROTATION 
SPECTRA  OF  POTASSIUM  VAPOR.' 

By  R.  W.  Wood  and  T.  S.  Carter. 

Introduction. 

RECENT  study  of  the  optical  properties  of  sodium  vapor  ^  by 
one  of  the  present  writers,  has  shown  that  our  knowledge  of 
the  structure  of  the  molecule  and  of  the  mechanism  of  radiation 
may  be  increased  by  the  investigation  of  metallic  vapors  at  compara- 
tively low  temperatures.  During  the  investigation  the  periodicities 
of  the  vibrating  mechanisms  were  studied  in  a  number  of  ways  :  by 
absorption,  by  exciting  the  vapor  with  white  or  monochromatic 
light,  by  cathode  ray  stimulation,  and  from  the  standpoint  of  the 
magneto-optical  properties  of  the  vapor.  The  'fluorescence  spec- 
trum which  appears  when  the  non-luminous  vapor  is  stimulated  by 
white  light,  is  very  complex,  and  resembles  many  emission  band 
spectra. 

A  method  was  found,  however,  by  which  it  was  possible  to  an- 
alyze this  complex  spectrum  into  a  number  of  simpler  spectra,  each 
one  of  which  could  be  made  to  appear  at  will  by  exciting  the  vapor 
with  a  monochromatic  source  of  radiation  of  the  proper  frequency. 
The  vapor  can  be  excited  to  fluorescence  by  monochromatic  sources 
obtained  by  utilizing  certain  lines  from  the  arcs  of  various  metals 
such  as  zinc,  cadmium,  thalium,  lead,  silver,  bismuth  and  copper. 
In  each  case  a  series  of  lines  is  obtained,  the  lines  of  the  series  be- 
ing very  nearly  equidistant. 

It  was  further  found  that  any  given  series  of  lines  could  be  brought 
out  by  exciting  the  fluorescence  with  a  source  of  radiation  of  wave- 
length corresponding  to  that  of  any  line  in  the  series,  but  that  certain 
lines  were  sometimes  absent  depending  upon  the  point  of  excitation. 

Sodium  vapor  in  a  strong  magnetic  field  has  the  property  of 

iR.  W.  Wood,  Phil.  Mag.,  Nov.,  1906. 
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rotating  the  plane  of  polarization  of  light  for  wave-lengths  corre- 
sponding to  those  of  certain  lines  in  its  absorption  spectra,  i.  ^., 
polarized  light,  which  has  been  passed  through  magnetized  sodium 
vapor  and  a  Nicol's  prism  (set  orginally  for  the  complete  extinction 
of  light)  gives  a  bright  line  spectrum  consisting  of  a  large  number 
of  sharp  lines.  Each  bright  line  corresponds  to  a  dark  line  in  the 
absorption  spectrum  (or  more  exactly  to  wave-lengths  very  close  to 
it)  but  it  was  found  only  a  very  small  percentage  of  the  absorption 
lines  showed,  this  rotatory  power.  There  are  only  about  lOO  strong 
lines  in  this  spectrum,  which  has  been  called  the  magnetic  rotation 
spectrum,  while  there  are  some  2,500  lines  in  the  same  region  in  the 
absorption  spectrum.  The  magnetic  rotation  spectrum  resembles 
very  closely  the  fluorescent  spectrum  excited  by  white  light,  athough 
there  are  fewer  lines  in  it.  The  intensities  of  the  lines  are  very 
variable,  and  apparently  bear  no  relation  to  the  intensities  of  the 
corresponding  absorption  lines. 

Five  or  six  distinct  series  of  equidistant  lines  have  been  identified 
in  the  magnetic  rotation  spectrum,  and  these  appear  to  correspond 
to  the  series  in  the  fluorescent  spectrum  brought  out  by  monochro- 
matic stimulation,  though  they  are  not  coincident  with  any  which 
have  been  obtained  thus  far. 

In  view  of  the  similarity  between  the  emission  spectra  of  sodium 
and  potassium,  it  was  thought  very  desirable  to  extend  to  potassium 
vapor  studies  along  the  same  line. 

Historical. 

The  red  fluorescence  which  is  exhibited  by  the  vapor  of  metallic 
potassium  when  it  is  illuminated  with  a  beam  of  white  light  was 
first  observed  by  Wiedemann  &  Schmidt.* 

The  metal  was  enclosed  in  an  exhausted  glass  bulb  heated  until 
vaporization  occurred,  and  a  strong  beam  of  sun  or  arc-light 
focused  at  the  center  of  the  bulb.  A  red  cone  of  fluorescent  light 
appeared,  which,  when  examined  with  the  spectroscope,  showed  a 
red  band,  the  position  of  which  as  roughly  determined  was  between 
wave-lengths  695  and  615  /ifx, 

1  Wied.  Ann.,  57,  447,  1896. 
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General  Facts. 

The  vapor  has  been  studied  from  the  standpoint  of  its  absorp- 
tion, fluorescence,  and  selective  magnetic  rotation  of  the  plane  of 
polarization,  and  it  has  been  possible  to  obtain  photographs  of  these 
spectra. 

One  of  the  most  interesting  facts  brought  out  by  these  investiga- 
tions is  the  close  resemblance  between  the  spectra  of  potassium 
vapor  and  the  corresponding  spectra  which  have  been  observed  in 
the  case  of  sodium. 

During  the  early  part  of  the  experiments  the  vapor  was  investi- 
gated in  glass  bulbs  of  from  5  to  10  centimeters  diameter.  A  very 
small  piece  of  metal  was  rolled  up  and  introduced  into  the  bulb, 
which  was  then  exhausted  to  a  vacuum  of  about  i  millimeter,  and 
sealed.  During  a  preliminary  study  of  the  conditions  under  which 
the  fluorescence  was  exhibited  to  the  best  advantage  it  was  found 
that  the  glass  bulb  became  blackened  after  being  heated  for  a  very 
short  time.  Bulbs  of  hard  glass,  blown  in  an  oxyhydrogen  flame 
were  then  tried  and  found  fairly  satisfactory. 

Fluorescent.  Spectrum. 

Method  and  Apparatus,  — The  fluorescent  light  of  the  vapor  was 
first  examined  with  a  two-prism  Steinheil  spectroscope.  The 
spectrum  showed  a  broad  bright  band  with  apparently  no  structure 
far  out  in  the  red.  In  order  to  obtain  greater  dispersion  the  light 
was  next  examined  by  means  of  a  large  three-prism  spectrograph. 
With  this  apparatus  the  spectrum  showed  some  structure.  Ex- 
amined visually  about  fifteen  bands  could  be  distinguished.  By 
studying  the  condition  carefully  it  was  finally  possible  to  get  the 
fluorescence  bright  enough  to  yield  fairly  satisfactory  spectrograms 
on  the  new  Wratten  &  Wainwright  panchromatic  plates  with  ex- 
posures of  from  two  to  three  hours. 

The  best  photograph  taken  with  a  width  of  slit  such  that  the  D 
lines  were  just  resolved  on  the  plate  showed  that  the  spectrum  was 
fluted,  the  flutings,  however,  not  being  resolved  in  the  lines.  The 
bands  were  quite  sharp  on  the  sides  toward  the  shorter  wave-lengths 
and  on  the  other  sides  terminated  in  wings  which  extended  with 
gradually  decreasing  intensity  up  to  the  head  of  the  next  band. 
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The  absorption  spectrum  photographed  with  the  same  apparatus 
was  found  to  be  the  complement  of  the  fluorescent  spectrum. 
When  the  two  negatives  were  superimposed  it  wag  seen  that  each 
dark  band  of  the  latter  was  represented  by  a  light  band  in  the 
former.  As  it  was  desirable  to  work  with  a  much  denser  vapor 
than  it  was  possible  to  obtain  with  the  glass  bulbs,  the  behavior  of 
the  metal  when  heated  in  a  highly  exhkusted  steel  tube  was  studied. 

A  small  piece  of  metallic  potassium  was  placed  at  the  center  of  a 
piece  of  thin  steel  tubing,  2  inches  in  diameter  and  24  inches  in 
length.  The  ends  were  closed  with  glass  plates,  cemented  to  the 
tube  with  sealing  wax,  and  the  whole  exhausted  with  a  Fleuss 
pump,  through  a  small  lateral  tube,  brazed  into  the  steel  wall. 

Arc-light,  sent  in  in  a  slightly  oblique  direction,  was  brought  to 
a  focus  by  means  of  a  lens  directly  over  the  metal.  On  heating 
the  tube  the  red  spot  of  fluorescent  light  was  observed  through  the 
opposite  end. 

The  fluorescence  was  much  more  intense  than  had  ever  been  ob- 
served with  the  vapor  in  the  glass  bulb,  being  of  about  the  intensity 
and  color  of  a  Bunsen  flame  heavily  charged  with  pure  lithium 
chloride. 

The  arrangement  of  the  apparatus  during  the  subsequent  experi- 
ments on  the  fluorescence  was  exactly  similar  to  that  employed  in 
the  work  on  sodium  vapor.  The  apparatus  consisted  of  a  tube  of 
thin  steel  3"  in  diameter  and  30"  in  length  containing  a  steel  re- 
tort, made  by  fitting  two  circular  disks  of  steel  to  a  short  piece  of 
tubing,  slightly  smaller  than  the  long  tube.  The  ends  of  the  retort 
were  provided  with  small  oval  apertures.  The  metal  was  cut  up 
into  strips  and  introduced  into  the  retort,  which  was  pushed  to  the 
center  of  the  tube  and  the  plate  glass  ends  cemented  on.  The  tube 
was  then  exhausted  to  a  pressure  of  i  mm.  and  heated  at  its  center 
with  a  Bunsen  flame.  The  illuminating  beam  of  arc-light  was 
brought  to  a  focus  just  inside  of  one  of  the  apertures  of  the  retort. 
By  sending  the  exciting  light  in  an  oblique  direction  through  one 
end,  the  fluorescence  could  be  observed  through  the  same  end 
against  a  dark  background.  With  the  metal  in  the  retort,  which 
prevented  its  rapid  distillation  to  the  colder  parts  of  the  tube,  it  was 
possible  to  make  exposures  of  practically  any  length.     The  ends 
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of  the  tube  were  kept  cool  by  jackets  of  absorbent  cotton,  which 
dipped  into  pails  of  water. 

By  employing  higher  dispersion  an  attempt  was  made  to  break 
up  the  bands  which  had  been  photographed  with  the  three-prism 
spectrograph.  The  prisms  were  removed  from  that  apparatus  and 
a  plane  grating  substituted.  It  was  found  that  this  new  apparatus 
gave  a  first  order  spectrum  about  five  times  as  long  as  the  spectrum 
given  by  the  prisms.  The  lenses  used  were  of  36-inch  focal  length. 
The  adjustment  was  so  made  that  the  center  of  the  spectrum  fell  at 
the  axis  of  collimation  and  very  good  definition  was  obtained 
throughout. 

With  this  arrangement  of  things  several  very  good  photographs 
of  the  spectrum  were  obtained.  The  time  of  exposure  varied  from 
two  to  three  hours.  It  was  possible  to  measure  on  the  dividing 
engine  the  wave-lengths  of  about  fifty  lines  by  comparing  them  with 
standard  lines  in  the  iron  spectrum.  They  extend  from  wave-length 
6346  to  6767.  It  was  found  that  the  centers  of  these  bands  could 
be  determined  to  within  half  an  Angstrom  unit.  In  the  region  of 
shorter  wave-lengths  the  bands  are  all  of  about  the  same  intensity, 
and  are  nearly  equally  spaced  along  the  spectrum.  Between  6415 
and  6670  there  are  eight  very  strong  lines  which  are  about  equally 
distant.  They  are  represented  in  the  magnetic  rotation  spectrum 
and  are  due  to  the  strongest  lines  in  the  absorption  spectrum.  This 
series  will  be  discussed  further  under  the  magnetic  rotation  spectrum. 
As  we  go  out  into  the  region  of  longer  wave-lengths  the  spectrum 
consists  of  groups  of  lines  of  nearly  the  same  intensity,  the  lines 
between  the  groups  becoming  fainter  and  fainter.  The  lines  of  this 
spectrum  coincide  line  by  line  with  the  principal  lines  in  the  ab- 
sorption spectrum,  although  as  will  be  seen,  there  are  a  great  many 
more  absorption  lines.  The  wave-lengths  of  the  fluorescence  lines 
measured  are  given  below. 

We  have  seen  that,  considered  roughly,  the  fluorescent  spectrum 
covers  the  region  of  absorption.  An  attempt  was  made  to  study  the 
relation  between  the  wave-length  of  the  absorbed  and  emitted  light 
by  means  of  a  Fuess  monochromatic  illuminator.  This  apparatus 
enables  one  to  isolate  a  region  of  any  width  from  a  continuous  spec- 
trum, and  to  focus  this  light  on  the  vapor. 
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Wave-Lengtha. 

Wave-Lengtht. 

Wave- Lengths. 

Wave-Lengths. 
A 

6346.1 

6461.0 

6560.0 

6657.0 

6354.8 

6664.4 

6568.4 

6663.5  strong 

6364.8 

6474.7 

6576.0 

6670.1     •* 

6374.4 

6483.6 

6584.2  very  strong 

6677.2     '« 

6383.9 

6490.8 

6590.4 

6678.0 

6393.7 

6495.1 

6593.0 

6682.4 

6400.7 

6499.6 

6596.5 

6709.0  strong 

6407.3 

6508.0 

6605.9 

6715.8     " 

6415.9  strong 

6514.8 

6615.2 

6722.0     " 

6423.7 

6521.5 

6624.3  strong 

6748.2     '' 

d430.6 

6527.9 

6630.9     " 

676L9     " 

6437.7 

6537.1 

6636.4 

6667.6     " 

6443.8  strong 

6544.4  very  strong 

6641.6 

6453.9 

6552.6 

6648.9 

The  method  was  to  find  by  changing  the  wave-length  of  the  ex- 
citing light  the  region  of  absorption  which  gave  the  maximum  in- 
tensity of  fluorescence,  and  by  narrowing  the  slit  of  the  illuminator 
as  far  as  was  consistent  with  the  observation  of  the  fluorescence,  to 
isolate  if  possible  an  approximately  monochromatic  source  of  excita- 
tion. The  wave-length  of  the  exciting  light  was  wicreased  by  turn- 
ing the  graduated  screw  which  rotated  the  prism  of  the  instrument, 
and  it  was  found  that  there  was  a  wide  region  which  would  excite 
the  fluorescence.  The  spectrum  examined  with  the  Steinheil  spec- 
troscope was,  however,  so  feeble  as  to  be  hardly  observable  and 
little  was  derived  from  this  method  of  study. 

The  zinc  arc  was  then  tried  as  a  monochromatic  source.  The 
light  from  the  arc  formed  in  air  between  a  carbon  electrode  and  a 
small  crucible  into  which  pieces  of  zinc  were  fed,  was  brought  to  a 
focus  just  within  the  aperture  of  the  retort  containing  the  metal. 
This  arc  gave  a  very  intense  and  strongly  concentrated  source  of 
light,  from  which  the  single  line  6363  was  utilized.  It  was  found 
that  a  strong  fluorescence  was  excited  by  this  line.  Examined  vis- 
ually with  a  grating  spectroscope  a  series  of  lines  apparently  equally 
spaced  along  the  spectrum  was  observed,  analogous  to  the  series 
excited  in  sodium  vapor  by  the  blue  cadmium  line  4800. 

The  great  difficulty  of  working  with  the  arc  in  air  is  that  the  posi- 
tion of  the  crater  changes  constantly,  making  it  almost  impossible 
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to  keep  the  spot  of  fluorescent  light  on  the  slit  of  the  spectrograph 
for  any  length  of  time.  The  spectrum  of  the  fluorescent  light 
brought  out  by  exciting  with  the  zinc  arc  has  not  yet  been  photo- 
graphed. 

Absorption  Spectrum. 

The  photographs  of  the  absorption  spectrum  taken  with  the  vapor 
in  the  bulb  never  showed  very  strong  absorption  for  the  reason  that 
it  was  impossible  to  get  the  vapor  sufliciently  dense.  With  the 
steel  tube  it  was  possible  to  work  with  a  very  dense  vapor,  and  with 
the  greater  dispersion  given  by  the  grating  spectrograph,  excellent 
photographs  have  been  taken  of  the  absorption  spectrum. 

A  lump  of  potassium  was  placed  at  the  center  of  the  tube,  the 
ends  were  cemented  on  and  the  tube  exhausted  as  in  the  previous 
experiments.  The  tube  was  supported  in  a  horizontal  position  in 
front  of  the  slit  of  the  spectrograph,  and  light  from  the  arc  sent 
through  the  tube  was  brought  to  a  focus  on  the  slit.  By  regulating 
the  flow  of  gas  to  the  burner,  placed  below  and  at  the  center  of 
the  tube,  it  was  possible  to  observe  the  spectrum  for  any  degree  of 
density  of  the  vapor.  Photographs  were  taken  at  different  densities. 
The  heads  of  the  bands  appear  first,  and  as  the  density  increases 
the  fine  lines  of  which  they  are  formed  develop  in  succession.  With 
a  sufficiently  dense  vapor  the  spectrum  consists  of  a  very  large  num- 
ber of  fine  black  lines.  The  wave-lengths  of  the  strong  bands  and 
principal  lines  of  the  absorption  spectrum  are  given  below. 


Wave-Lengths. 

Wave-Lengths. 

Wave-Lengthe. 
A 

y/ave-Lcngths. 

6295.2 

6399.7 

6549 

6675.1 

6298.5 

6412.5  strong 

6559 

6677.7 

6306.8  strong 

6420.3     " 

6565.6 

6709 

6321.7 

6433.8 

6583.9  very  strong 

6714.5  strong 

6324.6  strong 

6443.3  very  strong 

6594.2 

6721.4 

6334.3      " 

6466.8    "       " 

6605.0 

6754.4 

6343.3      " 

6488.9  strong 

6611.3 

6759.9 

6354.0     " 

6505.3     " 

6622.7  strong 

6765.8 

6362.9  very  strong 

6512.8     " 

6629.4 

6804.9 

6370.1 

6520.3     " 

6641.2 

6811.4 

6382.9  very  strong 

6534.6 

6662.7  strong 

6849.9 

6391.3 

6544.3  Tciy  strong 

6668.5     " 

6855.5 
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Magnetic  Rotation  Spectrum. 

Method  and  Apparatus, — ^The  magnetic  rotation  properties  of  po- 
tassium vapor  were  first  investigated  in  the  following  way :  A  glass 
bulb  which  had  been  filled,  exhausted  and  sealed  off  was  sus- 
pended between  the  conical  pole  pieces  of  a  large  electromagnet. 
Light  from  an  arc  lamp  rendered  parallel  by  a  lens  was  passed  in 
succession  through  a  nicol  prism,  the  hollow  cores  of  the  magnet 
with  the  bulb  containing  the  metal,  and  a  second  nicol,  after  which 
it  was  brought  to  a  focus  by  a  second  lens  on  the  slit  of  the  grating 
spectroscope.  The  nicols  were  set  for  complete  extinction  of  the 
Ught  so  that  the  field  was  dark.  The  bulb  was  heated  by  a  Bunsen 
flame  until  the  metal  was  vaporized,  and  the  magnet  excited.  On 
looking  into  the  spectrograph  a  faint  yellow  light  was  observed  in 
the  vicinity  of  the  D  Knes  due  to  rotation  by  traces  of  sodium 
vapor.  No  rotation  lines  in  the  red  were  observed.  On  repeating 
the  experiment,  however,  with  the  vapor  in  a  steel  tube,  a  bright 
line  rotation  spectrum  was  discovered. 

A  piece  of  steel  tubing  of  such  diameter  as  to  slip  through  the 
hollow  cores  of  the  magnet  from  which  the  conical  pole  pietes  had 
been  removed  was  charged  with  potassium  and  exhausted.  Parallel 
light  was  sent  through  the  tube,  nicols,  etc.,  as  described  above,  and 
focused  on  the  slit.  With  the  current  off  the  height  of  a  flame 
placed  beneath  the  center  of  the  tube  was  regulated  so  that  the  ab- 
sorption lines  were  brought  out  strong  and  black.  The  nicol  was 
then  set  tor  complete  extinction.  On  exciting  the  magnet  there  ap- 
peared in  addition  to  the  bright  rotation  lines  D^  and  D^  a  number 
of  bright  lines  in  the  red.  It  was  found  that  the  rotation  spectrum 
was  very  sensitive  to  changes  in  the  density  of  thfe  vapor.  The 
least  variation  in  the  height  of  the  flame  would  destroy  the  spec- 
trum. Electrical  heating  of  a  porcelain  tube  containing  the  metal 
was  tried,  but  it  was  found  that  the  density  could  be  kept  more 
constant  by  working  with  a  steel  tube  and  heating  with  a  flame. 

Several  photographs  of  the  rotation  spectrum  were  taken.  About 
twenty-five  lines  could  be  measured  on  the  best  plate.  One  was 
taken  with  the  absorption  spectrum  on  the  same  plate  and  shows 
the  eight  strong  lines  which  were  mentioned  in  connection  with  the 
fluorescent  spectrum.     The  plate  shows  that  they  coincide  with  the 
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strong  heads  of  the  absorption  bands.  Six  of  these  strong  hnes 
could  easily  be  picked  out  as  a  series  of  lines,  very  nearly  equidistant 
along  the  spectrum.     Their  wave-lengths  are : 


A 

A  Differences. 

6383.02 

6412.71 

29.69 

6443.4 

30.69 

6474.21 

30.81 

6505.06 

60.54 

30.85 

6565.6 

2 

30.27 

There  are  three  strong  lines  which  do  not  fall  in  this  series : 
6512.67  6543.88  6583.32 

The  other  lines  are  all  of  about  the  same  intensity.  Their 
intensities  do  not  depend  upon  the  intensities  of  the  corresponding 
absorption  lines,  a  fact  which  was  found  to  hold  in  the  ms^netic 
rotation  spectrum  of  sodium  vapor.  Some  of  the  strongest  lines  in 
this  region  show  no  rotation.  The  wave-lengths  of  the  lines  that 
could  be  measured  are  as  follows : 

A  A 

6298.63  6443.4    strong 

6306.86  6474.21      •< 

6313.29  6489.69 

6325  6505.06  strong 

6329.23  6512.67     •• 

6342.81  6543.88     << 

6351  6556.5 

6354.77  6565.61  strong 

6383.02  strong  6583.32     " 

6391.13  6601.7 

6412.71  strong  6614.6 

6420.43  6622.35 

The  results  obtained  up  to  the  present  time  can  only  be  con- 
sidered as  preliminary  in  their  nature.  The  vapor  of  potassium 
resembles  that  of  sodium  in  its  optical  properties,  but  its  study  is 
attended  by  far  greater  difficulties.  The  banded  absorption 
spectrum  which  gives  rise  to  the  fluorescence  is  located  with  respect 
to  the  first  doublet  of  the  principal  series  7699  and  7665  in  very 
much  the  same  way  as  the  sodium  absorption  spectrum  is  located 
with  respect   to   the  D  lines.     The   marked    resemblance   in   the 
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appearance  of  the  spectra  has  been  mentioned.  Further  work  will 
doubtless  show  us  ways  of  overcoming  some  of  the  difficulties, 
although  it  is  very  doubtful  if  we  can  ever  handle  the  vapor  with 
the  same  facility  as  is  possible  in  the  case  of  sodium,  for  there  are 
very  few  sources  of  monochromatic  red  light  available. 

Careful  study  of  the  magnetic  rotation  spectrum  will  probably  be 
more  profitable,  especially  an  investigation  with  the  Fresnel  double 
quartz  wedges,  which  enable  us  to  determine  the  direction  of  the 
rotation  at  each  absorption  band. 
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THE  FREQUENCY  OF  THE  SINGING  ARC. 
By  George  W.  Nasmyth. 

EVER  since  the  discovery  by  DuddelP  in  1900  that  a  direct 
current  arc  between  solid  carbons  will  give  forth  a  musical 
note  of  high  pitch  if  a  circuit  containing  inductance  and  a  suitable 
capacity  is  shunted  across  the  arc,  the  question  of  the  frequency  of 
the  oscillations  in  the  shunt  circuit  has  been  of  increasing  interest 
and  importance.  In  1903  Poulsen  *  proposed  the  use  of  the  singing 
arc  in  hydrogen  as  a  source  of  undamped  electric  oscillations,  and 
later'  applied  it  successfully  to  wireless  telephony,  leading  to  a 
renewed  interest  in  the  problem  of  the  frequency  of  the  oscillations. 
In  all  more  than  a  dozen  investigators  have  considered  the  problem. 
It  is  the  purpose  of  this  communication  to  summarize  briefly  the 
work  of  these  investigators  in  so  far  as  it  bears  on  the  problem  of 
the  frequency,  and  to  derive  a  formula,  based  on  the  known  proper- 
ties of  the  electric  arc,  which  agrees  with  and  explains  the  data 
thus  far  obtained. 

The  first  assumption,  based  on  the  analogy  with  the  oscillatory  dis- 
charge of  a  condenser  through  a  spark  gap,  was  that  the  oscillatory 
current  would  obey  the  laws  derived  by  Lord  Kelvin*  in  1853  ^" 
his  classic  paper,  "  On  Transient  Electric  Currents/'  for  the  dis- 
charge of  a  Leyden  jar.  According  to  these  laws,  the  frequency 
should  be 


where  L  is  the  inductance,  C  the  capacity^  and  R  the  resistance  ef 
the  oscillatory  circuit.     In  general,  since  R  is  usually  small,  the 

*W.  Daddell,  Journ.  Inst.  Elcc.  Eng.,  vol.  30,  p.  232,  1900. 
'V.  Poulsen,  British  Patent  Specification  15599  of  1903.     See  also  Science  Abstracts, 
vol.  8A,  p.  521. 

•V.  Poulsen,  Elektrotechnische  Zeitschrift,  vol.  27,  p.  1040,  1906. 

^  Prof.  William  Thomson,  Philosophical  Magazine,  ser.  4,  vol.  5,  p.  393. 
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second  tetm  under  the  radical  is  small  compared  with  the  first,  and 
the  frequency  is  given  to  a  close  approximation  by  the  formula 


""^i^^Ti 


Thus,  in  1902,  when  M.  Janet*  published  a  mathematical  treat- 
ment of  the  singing  arc,  he  assumed  as  one  of  his  premises  that  the 
frequency  of  the  oscillations  was  determined  by  the  formula 


"""^in^Ti 


LC 

and  derived  his  results  partly  from  this  basis,  taking  it  for  granted 
that  the  values  of  L  and  C  would  be  such  that  the  effects  of  the 
capacity  and  inductance  would  neutralize  each  other. 

Janet's  assumption  was  immediately  challenged  by  several  Italian 
physicists,  and  A.  Band*  proved  that  the  frequency  is  not  the  same 
when  the  capacity  and  inductance  are  varied  inversely  as  one  an- 
other. He  found  that  with  an  inductance  of  0.048  henry  and  a 
capacity  of  i  microfarad,  the  frequency  was  13,000.  With  an 
inductance  of  0.012  henry  and  a  capacity  of  4  microfarads  the 
frequency  was  8,500.  With  an  inductance  of  0.003  henry  and  a 
capacity  of  16  microfarads,  the  frequency  is  2,750.  The  frequency 
therefore  increases  with  the  inductance,  even  when  the  product  LC 
is  kept  constant,  and  Band's  results  proved  that  the  frequency  is 
not  determined  by  the  simple  formula 


"~2itSLC' 


In  1903  Duddell'  pointed  out  that  since  the  full  expression  for 
the  frequency  is  given  by  the  expression 


n-   L     fjL      ^ 
27r  SLC  "■  aL^ 


^P.  Janet,  Comptes  Rendus,  yoI.  134,  p.  821,  1902. 

>A.  Banti,  Elettricista,  vol.  12,  p.   i,  Jan.,  1903.     See  also  L' ElettriciUt,  Mar.  8, 
1908,  p.  145. 

'W.  Duddell,  The  Electrician,  vol.  51,  p.  902,  1903. 
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it  follows  that  the  frequency  will  be  determined  by  the  current  and 
the  arc  length  since  the  resistance  is  a  function  of  both  these  vari- 
ables. No  numerical  values  were  given,  however,  in  confirmation 
of  this  opinion.  As  a  matter  of  fact,  even  if  the  entire  fall  of 
potential  across  the  arc  is  taken  as  representing  resistance,  this 
formula  accounts  for  only  a  small  percentage  of  the  observed 
changes  of  frequency  with  arc  length,  arc  current,  and  inductance. 
In  1904,  Maisel,^  summarizing  the  results  obtained  by  Corbino,* 
Salomonson,'  and  Ascoli  and  Manzetti,^  stated  the  negative  con- 
clusion that  the  frequency  is  not  determined  by  the  simple  formula 

Maisel  himself  found  that  the  frequency  increased  with  the  arc 
current,  and  the  following  data,  due  to  him,  are  given  in  the  same 
paper :  ^  =  3.8  amperes,  7^=  0.00075  sec. ;  A  =  3.0,  7^= 
0.000788  ;  A  =  2.05,  r-B  0.000800 ;  -^  =  1.75  ;  r=  0.000835. 
Salomonson  also  had  found  that  the  frequency  increased  with  in- 
creasing arc  current.  He  did  not  determine  the  frequency  directly, 
however,  but  computed  it  from  a  formula  due  to  Peukert  * 

. I^ 


in  which  C  is  the  capacity  in  the  shunt  circuit,  7,  is  the  alternating 
current,  E^  is  the  voltage  as  determined  by  a  d.c.  voltmeter,  and  E^ 
the  voltage  determined  by  a  hot  wire  voltmeter  across  the  arc.  Salo- 
monson's  curves  are  of  a  different  form  from  those  of  Maisel,  Austin 
and  the  author,  in  which  the  frequency  was  determined  directly  by 

>  S.  Maisel,  Phystkalische  Zeitschrift,  yoI.  5,  p.  550,  1904.  See  also  French  abstract 
in  L'Eclairage  Electricque,  vol.  41,  p.  186,  1904. 

'O.  M.  Corbino,  Atti  deirAssociazione  Ellettrot.  Italiana,  vol.  7,  p.  369,  also  p. 
597.    See  also  Science  Abstracts,  vol.  7 A,  p.  537. 

'J.  Wertheim  Salomonson,  Koninklijke  Akademie  van  Wettenschappen,  Amster- 
dam, Versl.  1902-3,  p.  381.  See  also  his  letter  in  The  Electrician,  vol.  51,  p.  752, 
and  Maisel*  s  article,  cited  above. 

«  Ascoli  e  Manzetti,  Rend.  Ace.  Lincei,  1902,  2^sem.,  iasc.  i^.  See  also  M.  La 
Rosa's  article,  cited  later. 

^  W.  Penkert,  Elektrotechnische  Zeitschrift,  vol.  22,  p.  467,  1901. 
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resonance,  so  that  it  is  evident  that  Peukert's  formula  gives  incorrect 
results  for  this  case. 

Simon  and  Reich  ^  have  experimented  extensively  on  the  singing 
arc,  and  H.  Th.  Simon  ^  found  that  with  low  frequency  arcs  the 
frequency  increases  with  increasing  current  and  with  decreasing  arc 
length.  M.  La  Rosa^  has  also  considered  the  question  of  the  fre- 
quency, but  only  incidentally,  his  chief  interest  being  in  the  amplitude. 

In  1907,  L.  W.  Austin*  published  his  experiments,  showing,  in 
agreement  with  Maisel,  that  the  frequency  of  the  oscillations 
increases  with  the  arc  current.  Austin's  curves  show  that  the 
frequency  increases  rapidly  at  first,  then  more  slowly,  approaching 
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Fig.  1.     Change  of  frequency  with  arc  length.     Frequency  computed  from  formula 

an  asymptote  as  the  arc  current  becomes  very  large.  Austin's  ex- 
periments also  indicated  that  the  frequency  increases  with  decreasing 
arc  length,  but  no  quantitative  results  were  given  showing  this  re- 
lation on  account  of  the  experimental  difficulties  met  in  trying  to 
measure  the  change  of  arc  length  through  the  very  limited  range 
obtained. 

Change  of  Frequency  with  Arc  Length. 

The  author  has  undertaken  a  series  of  experiments  to  fill  the  gap 
existing  in  the  data  connecting  the  frequency  with  the  arc  length. 

'  Simon  und  Reich,  Physikalische  Zeitschrift,  vol.  3,  p.  278,  1902 ;  vol.  4,  p.  364, 
1903. 

SH.  Th.  Simon,  Physikalische  Zeitschrift,  vol.  7,  p.  433,  1906. 

'  M.  La  Rosa,  Nuovo  Cimento,  vol.  7,  p.  5,  Jan.,  1904. 

^  L.  W  Austin,  Bulletin  of  the  Bureau  of  Standards,  vol.  3,  p.  325,  May,  1907. 
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The  results  of  these  experiments  are  given  in  Table  I.,  and  graphic- 
ally in  Fig.  I.     These  experiments  show  that  the  frequency  de- 

Table  I.     (Fig.  I.) 

Change  of  Frequency  with  Arc  Length,  Primary  Inductance,  Including  Connecting 
Wires,  ,\1\  Millihenry.  Primary  Capacity ,  5  Small  Leyden  Jars,  .00188  Each, 
.00940  Microfarad.  Computed  Frequency  from  Formula  n  =^7r i/i/ZC=  125,- 
000.  Secondary  Inductance  .189  Millihenry.  Secondary  Capacity  Variable. 
P.d.  Across  Arc,  Open  Circuit,  500  Volts.  Current  in  Secondary  at  Reso^ 
nance.  About  10  Amperes. 


Arc  Len^h. 

Volts. 

Amperes. 

SecoDdsry 
Capacity. 

Frequency. 

3.8  mm. 

160 

1.75 

.0186    microfarad 

83,400 

3.5 

132 

1.93 

.0149 

94,200 

3.2 

120 

2.00 

.0132 

99,900 

2.8 

94 

2.16 

.01128 

108,300 

2.6 

90 

2.18 

.01115 

109,100 

1.8 

82 

2.22 

.00998 

115,100 

1.5 

68 

2.31 

.00940 

118,700 

.8 

60 

2.40 

.00871 

123,200 

Primary  Inductance  .277  m. h.      Computed  Frequency,  l/2jr  ]/Z C  • 

=  98,000. 

3.0 

134 

1.80 

.0201  m.f.  .219  mil- 
lihenry 

75,500 

2.7 

116 

1.87 

.0187          .219 

78,300 

2.4 

108 

1.91 

.0169          .219 

82,300 

1.9 

94 

1.98 

.0187          .189 

82,500 

1.6 

84 

1.98 

.0169          .189 

88,500 

Other  constants  same  as  those  above. 


creases  with  increasing  arc  length,  slowly  at  first,  and  more  rapidly 
as  the  arc  length  is  increased  to  three  or  four  millimeters.  For 
zero  arc  length,  the  curve  cuts  the  axis  of  frequencies  at  the  point 
corresponding  to  the  frequency  as  computed  from  the  formula 


'^-27r^LC 


a  small  difference  of  less  than  2  per  cent,  being  due  to  the  influence 
of  errors  of  observation.  The  conditions  under  which  these  ob- 
servations were  made  are  given  in  more  detail  below. 
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Summary  of  Requirements. 

An  adequate  formula  for  the  frequency  of  the  singing  arc,  then, 
in  order  to  explain  these  results,  must  show  :  that  the  frequency 
increases  with  the  inductance  when  the  product  of  capacity  and 
inductance  is  kept  constant ;  that  the  frequency  increases  with  in- 
creasing current  through  the  arc ;  and  that  the  frequency  decreases 
with  increasing  arc  length.  To  agree  with  the  observations  of  the 
experimenters  mentioned  above,  such  a  formula  should  show  in 
addition  that  the  curves  of  frequency  become  asymptotic  for  infinite 
inductance,  infinite  arc  currents,  and  zero  arc  length. . 

In  the  following  derivation  of  a  formula  for  the  frequency  of  the 
singing  arc.  Ohm's  and  Kirchhoff's  laws  are  applied  to  the  shunt 
circuit  across  the  arc,  and  the  known  relations  between  the  arc 
current  and  the  potential  difference  across  the  arc  are  used. 

Derivation  of  Formula. 
If  /  represents  the  the  total  current  supplied  to  the  circuit  shown 
in  Fig.  2,  A  the  current  through  the  arc,  and  i  the  current  in  the 
shunt  circuit  at  any  instant,  the  application  of  Kirchhoff's  first  law  at 
the  point  P  gives  the  relation 

AJti^L  (I) 

If  the  inductance  of  the  choke  coil  in  the  main  circuit  is  sufficiently 
large,  we  may  assume,  as  the  experiments  of  the  author  have 
shown,  that  the  main  current  /  is  appreciably  constant.  Differenti- 
ating equation  (i),  we  have 

dA      di 
whence 


dt'^  dt^  ^' 


dA  di  ,  . 

The  relation  between  the  potential  difference  across  the  arc  V^  and 
the  current  A  through  the  arc,  has  been  shown  by  Mrs.  Ayrton^  to  be 

F-a  +  W+^j-.  (3) 

1  Hertha  AyrtOD,  The  Electric  Arc,  p.  205. 
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where  /  is  the  length  of  the  arc,  and  the  constants  a^  *,  c  and  d  de- 
pend upon  the  electrodes  between  which  the  arc  is  formed  and  the 
nature  and  pressure  of  the  surrounding  gas.  If  we  differentiate 
equation  (3)  with  respect  to  A,  we  obtain  the  equation 

dV     _c  +  ld 
dA^         A^    ' 


(4) 


When  the  shunt  circuit  is  closed,  a  current  i  flows  in  the  direction 
indicated  by  the  arrow,  and  we  can  apply  Ohm's  law  to  that  part  of 


■0.  C: 


J^ 


/?    c 


Fig.  2. 


L 


P 


the  condenser  circuit  between  the  points  P  and  Q,  The  potential 
difference  F' between  the  points  Pand  Q  is  used  in  three  ways  :  to 
overcome  the  resistance  of  the  condenser  circuit,  to  overcome  the 
inductance,  and  to  charge  the  condenser.  Stated  mathematically, 
this  is 


(5) 
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where  V  is  the  potential  difference  between  the  points  P  and  Q 
across  the  arc,  R  is  the  resistance,  L  the  inductance  and  C  the  ca- 
pacity of  the  shunt  circuit,  and  i  and  q  are  the  instantaneous  values 
of  the  shunt  current  and  condenser  charge  respectively.  Differenti- 
ating equation  (5),  it  becomes 

dV        di        ^dH       I  dq 

The  following  relation  is  also  true 

dV_  dV   dA 

dt^  dA'  di  '  ^^^ 

Substituting  the  values  of  dVjdA  and  dAjdt  from  equations  (4)  and 
(2)  in  equation  (7),  we  have 


dV        c  +  ld 
dt~~     A' 

(- 

dV     c  +  ld 
dt~    A' 

di 
dt' 

or 

(8) 

Substituting  the  value  of  dV\dt  from  equation  (8)  in  equation  (6), 

we  have 

c-\'dl    di  di  dH       i  dq 

~Ar'  di^^lt'^^W'^'C'dt' 

Transposing  and  grouping  like  terms^ 

dH      i         c  +  ld\  di       I  dq 


<T.  +  K'4^) 


dt  ^  C  dt 


Since  i  =  dq\dty  we  may  write  this  equation 

^d^i      I  ^     ^  +  ld\  di       i  ,  V 


Equation  (9)  is  a  well-known  differential  equation  if  the  coefficient 
of  dijdt  is  constant,  i.  ^.,  if  the  shunt  current  /  is  so  small  in  com- 
parison with  the  arc  current  A  that  A  may  be  considered  constant, 
or  if  a  mean  value  of  A  is  used.  The  solution  of  equation  (9)  when 
the  coefficients  are  taken  as  constants,  is  found  by  assuming  the 
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solution  to  be  of  the  form  /  =  Be^,  and  detennining  the  values  of 
the  constants  B  and  /.  The  solution  for  the  current  i  at  any  instant 
is  found  to  be 


LC-^ 


LC~        ^D 


) 


From  this  expression  the  periodic  time  is  found  to  be 


and  the  frequency 


(") 


The  Frequency  as  a  Function  of  dVjdA,  the  So-called 
Negative  Resistance  of  the  Arc. 

The  expression  (11)  derived  above,  may  also  be  derived  by  using 
what  has  sometimes  been  called  the  negative  resistance  of  the  arc, 
dVJdA.  If  we  consider  the  whole  resistance  of  the  oscillatory  cir- 
cuit to  be  (R  +  dV/dA),  we  find  for  the  frequency, 


an  expression  identical  with  (11),  since 

dV c^/d 

dA  "         A^ 
from  equation  (4). 
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The  formula  (ii)  has  been  derived  on  the  assumption  that  the 
characteristic  curve  between  the  p.d.  and  the  current  of  the  arc  is 
the  same  when  an  alternating  current  is  superimposed  upon  the 
direct  current  through  the  arc  as  for  the  direct  current  alone.  If 
the  frequency  of  the  superimposed  alternating  current  is  high,  it 
may  be  shown  theoretically  and  verified  experimentally  (Fig.  3) 


Fig.  3.  Curves  showing  change  in  arc  characteristic  when  oscillations  traverse  the 
arc.  Corresponding  points  are  connected  by  dotted  lines  and  limits  within  which  oscil- 
lations can  be  obtained  are  indicated. 

that  the  curve  representing  the  law  of  variation  between  the  arc 
p.d.  and  current  undergoes  a  change  of  form  when  the  oscillations 
are  allowed  to  pass  through  the  arc.  The  formula  (11)  therefore 
requires  modification  for  the  high  frequency  case. 

The  change  in  the  arc  characteristic  is  probably  due  chiefly  to 
the  "  skin  effect "  of  high  frequency  currents.  The  high  frequency 
currents  are  not  distributed  uniformly  in  the  cross-section  of  the  arc 
vapor,  but  are  concentrated  at  the  surface.  The  equivalent  resist- 
ance of  the  arc  vapor  will  therefore  be  greater  for  the  high  fre- 
quency currents  than  for  the  steady  or  low  frequency  currents. 
Lord  Rayleigh^  has  derived  the  following  formula  for  the  resistance 
R  of  a  conductor  to  high  frequency  currents,  the  frequency  n  bc- 

iLoid  Rayleigh,  Philosophical  Magazine,  ser.  V.,  vol.  21,  p.  381,  May,  i8Jl6.  See 
also  J.  A.  Fleming,  The  Principles  of  Electric  Wave  Telegraphy,  p.  91. 
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ing  of  the  order  of  lo*,  R  being  the  steady  current  resistance,  and 
d  being  the  diameter  of  a  circular  sectioned  conductor  of  non- 
magnetic material  and  of  specific  resistance  p. 

R'-^R'^Uy  (13) 

This  formula  shows  the  high  frequency  resistance  R'  to  be  directly 
proportional  to  the  diameter,  dy  of  the  arc  and  proportional  to  the 
square  root  of  the  frequency.  Mrs.  Ayrton  ^  has  shown  that  the 
square  of  the  diameter  of  the  arc  crater  and  of  the  arc  mist  and 
vapor  are  very  nearly  proportional  to  the  arc  current.  We  may  say 
then  that  the  diameter  of  the  conductor  in  this  case  is  proportional 
to  the  square  root  of  the  current,  and  leaving  out  of  consideration 
for  the  time  being  the  change  of  resistance  with  frequency,  we  may 
write  equation  (13)  thus, 

R'^kR^/A, 

where  k  includes  all  the  other  factors  of  equation  (13)  and  Mrs. 
Ayrton* s  proportionality  constant.  Writing  dV'jdA  and  dVj  dA 
in  place  oil  R'  and  /?,  and  substituting  the  value  oi  dVjdA  from 
equation  (4), 

dV      dV,  ,—         (c  +  ld)ks/A  c  +  ld 

where  c  and  d  in  the  last  term  have  new  values.  Since  the  value 
of  dVjdA  is  squared  in  the  formula  (12)  the  change  introduced  in 
formula  (i  i)  for  the  high  frequency  case  is  that  A  enters  as  a  three 
halves  power,  and  being  squared  becomes  a  nine  fourths  power,  or 
practically  A?, 

Several  unconsidered  factors,  including  the  arc  hysteresis,  the 
heating  at  the  edge  of  the  arc  crater  due  to  the  "  skin  effect,"  and 
the  slight  curvature  toward  the  axis  of  mean  cross-section  of  the 
arc  mist  in  Mrs.  Ayrton's  curves,  indicate  that  a  closer  approxima- 
tion to  the  true  law  of  the  arc  for  the  high  frequency  case  should  be 

dV  -^c  +  Zd  ,    \ 

-dA-'-A-'  (^5) 

1  Hertha  Ayrtoa,  The  Electric  Arc,  pp.  40Z  and  420,  Fig.  133. 
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A  test  for  this  is  found  by  integrating  into  the  form 

V^  {c  +  Id)  •\ogA  +  {a  +  bl\  (i6) 

from  which  it  follows  that  the  curve  between  the  arc  voltage  and 
the  logarithm  of  the  arc  current  should  be  a  straight  line.     Fig.  4, 


^ 

"^ 

^ 

^>s 

TQ}^ 

oLt. 

\ 

'^ 

^ 

^t^ 

^v 

"^ 

^ 

-t 

4-0 

V 

^^ 

<K. 

4 

s- 

6 

7 

'^0^. 

^v 

A 

F!g.  4.    Curve  from  data  of  Fig.  3,  showing  that  for  high  frequency  oscillations 
F=(.  +  /^).log^ +(«  +  *),  whence  g=-^. 

the  data  for  which  are  taken  from  the  curve  marked  "  with  oscilla- 
tions," in  Fig.  3,  shows  that  this  is  the  case.  For  high  frequencies 
therefore,  the  formula  should  be  modified  to  the  form 


I 
2n 


^ic- 


('^--^) 


aL' 


(17) 


This  expression  shows  the  frequency  to  be  a  function  not  only 
of  the  inductance  and  capacity  L  and  C,  and  the  resistance  R  of  the 
oscillatory  circuit,  but  of  the  arc  current  A  and  the  length  of  the 
arc  /  as  well.  When  further  analyzed,  the  frequency  is  seen  to  be 
a  function  of  the  constants  c  and  d  also,  depending  upon  the  nature 
of  the  electrodes  and  the  nature  and  pressure  of  the  gas  in  which 
the  arc  is  formed.  The  constants  c  and  d  are  not  the  same  when 
an  alternating  current  is  superimposed  upon  the  direct  current 
through  the  arc  as  they  are  when  the  direct  current  alone  is  flow- 
ing, in  fact,  dV/dA  has  itself  been  shown  to  be  a  function  of  the 
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frequency  of  the  superposed  oscillations,  and  is  not  a  constant  dur- 
ing one  complete  oscillation,  owing  to  the  phenomenon  of  hysteresis 
in  the  arc  characteristic.  To  derive  an  exact  expression  for  the 
frequency,  taking  into  account  all  these  variables,  would  be  a  tedi- 
ous, if  not  impracticable  process,  and  it  has  been  thought  better  to 
leave  the  expression  (17)  in  its  present  form,  determining  the  con- 
stants by  experiment.  For  nearly  all  practical  purposes,  the 
approximate  formula  (17)  is  of  greater  value  than  the  much  more 
complicated  exact  formula  would  be. 

In  general  if  we  assume  that  the  value  of  the  constant  c  is  small, 
so  that  both  R  and  c  may  be  neglected,  we  get,  as  an  approxima- 
tion not  quite  so  close,  the  more  convenient  working  formula 


L    f  _L      Jl^ 


27r  S  LC     4L' 

The  constant  d  for  high  frequency  oscillations  is  much  larger  than 
for  a  steady  direct  current  through  the  arc.  For  certain  critical 
cases  the  R  and  the  c  become  important,  and  it  should  be  noted 
that  for  high  frequencies  and  large  wires  the  value  of  i?  maybe  ten 
or  more  times  its  steady  current  value,  on  account  of  the  "  skin 
effect" 

Verification  of  the  Formula. 
Before  proceeding  to  the  more  rigid  quantitative  test  of  the  for- 
mulas (17)  and  (18),  it  should  be  noted  that  qualitatively  the  ex- 
pression for  the  frequency 

^  ^  27r\ LC'^  4L*A^ 

agrees  with  and  explains  all  the  data  that  have  been  published  thus 
£ir  on  the  frequency  of  the  singing  arc.  From  the  form  of  the  equa- 
tion, it  is  seen  that  if  the  inductance  L  is  increased,  while  the  prod- 
uct of  the  inductance  and  the  capacity  is  kept  constant,  the  second 
term  under  the  radical  will  become  smaller,  and  the  frequency  will 
increase,  approaching  an  asymptote.  This  is  in  agreement  with  the 
results  obtained  by  A.  Banti,  referred  to  above. 

If  the  steady  current  through  the  arc  A  is  increased,  the  second 
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term  under  the  radical  is  decreased,  and  the  frequency  should  in- 
crease, approaching  an  asymptote  as  the  value  of  the  second  term 
under  the  radical  approaches  zero.  This  agrees  with  the  results 
obtained  by  Maisel  and  .by  Austin.  Moreover,  if  the  change  in 
arc  current  is  produced  by  changing  the  arc  length,  since  a  rela- 
tively small  increase  in  current  results  from  a  large  decrease  in  arc 
length  and  both  these  effects  work  in  the  same  direction,  the  in- 
crease of  frequency  as  a  function  of  the  increase  of  current  should 
in  this  case  be  much  more  marked.  This  also  is  in  agreement  with 
Austin's  results. 

Lastly,  if  the  arc  length  is  increased  the  second  term  under  the 
radical  becomes  larger,  and  the  frequency  should  decrease.  For 
zero  arc  length  the  frequency  should  be  that  calculated  by  the 
simple  formula 


27tSLC' 


This  is  confirmed  by  the  experiments  of  the  author,  shown  graphic- 
ally in  Fig.  I. 

For  a  more  rigid  test,  the  formula  (i8)  may  be  put  into  more 
convenient  form  by  squaring  both  members  of  the  equation.  It  be- 
comes then 

I  /V^ 


«^ 


V^C      len'DA^' 


If  the  formula  agrees  with  the  experimental  data,  a  straight  line 
should  result  if  any  of  the  following  plots  are  made,  «*  against  /^, 
t^  against  ijA^^  or  n^  against  /V-^^  all  the  other  quantities  being 
kept  constant  in  each  case. 

Author^ s  Data.  —  In  Fig.  5  the  curves  shown  in  Fig.  i  have,  been 
replotted  in  the  straight  line  form,  t^  against  1^1  A^.  The  original 
data  are  given  in  Table  I.,  and  the  computations  in  Tables  II. -and 
III.  The  agre^ement  with  the  straight  line  required  by  the  theory 
is  seen  to  be  very  close,  easily  within  the  errors  of  observation. 
For  points  close  to  the  Y-axis  the  influence  of  the  neglected  quanti- 
ties c  and  R  of  expression  (17)  is  apparent.     For  the  same  reason 
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the  Y  intercept  differs  slightly  from  the  theoretical  value  found  from 
the  simple  formula 

-±  IX 

"^^  27:SLC' 

The  straight  line  corresponding  to  the  smaller  inductance  is  seen  to 
have  the  greater  slope,  numerically,  corresponding  to  the  fact  that 
L  appears  in  the  denominator   of  the   expression  for  the  slope, 
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Fig.  5*     Carres  from  author's  data.     EquatioD  of  straight  lines, 


^ 


'i67r«Z« 


*^2"f-^^2^^. 


— ^/i6;r^Z*.  The  value  of  the  constant  d  from  the  upper  curve 
is  about  63,  and  from  the  lower  curve  about  78,  giving  a  mean  value 
of  about  70,  and  apparently  decreasing  as  the  frequency  increases. 
Austin's  Data.  — ^jThe  curves  [shown  in  Figs.  6  and  7,  corre- 
sponding to  Tables  IV.,  V.,  VI.  and  VII.  are  from  Austin's  data,  put 
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Table  II.     (Fig.  5.) 

Change  of  Frequency  with  Are  Length  and  Are  Current, 

.171  Millihenry. 


[Vol.  XXVII. 


Primary  Inductance^ 


n 

n* 

1.  in  mm. 

A 

t^lA* 

83,400 

6.96  X10» 

3.8 

1.75 

4.71 

94,200 

8.89 

3.5 

1.93 

3.29 

99,900 

9.98 

3.2 

2.00 

2.56    • 

108,300 

11.77 

2.8 

2.16 

1.68 

109,100 

11.94 

2.6 

2.18 

1.42 

115,100 

13.28 

1.8 

2.22 

.659 

118,700 

14.10 

1.5 

2.31 

.422 

123,200 

15.21 

.8 

2.40 

.111 

Frequency  computed  from  formula  n  =  l/2ffi/l/ ZC=  125,000. 

Table  III.     (Fig.  5.) 

Primary  Inductance ^  .277  Millihenry, 


n 

n* 

1.  in  mm. 

A 

t*lA^ 

75,500 

5.70X10* 

3.0 

1.80 

2.78 

78,300 

6.13 

2.7 

1.87 

2.09 

82,300 

6.79 

2.4 

1.91 

1.58 

86,100 

7.41 

1.9 

1.98 

.92 

88,500 

7.84 

1.6 

1.98' 

.65 

Point  at  1.9  mm.  corrected  from  cunre  in  Fig  i. 

Frequency  computed  from  formula  n^l/Zir^l/ I,C=  98,000. 

in  the  straight  line  form  for  the  purpose  of  verifying  the  formula. 
The  agreement  with  the  straight  line  requirement  is  seen  to  be 
close  in  all  the  curves.  In  this  case  there  is  no  error  introduced 
through  neglecting  the  constant  c,  because  c  appears  in  the  numer- 
ator of  the  expression  for  the  slope.  The  intercept  should  give  the 
correct  square  of  the  frequency  found  by  the  simple  formula  as- 
suming that  the  high  frequency  value  of  R  is  still  small  enough 
so  that  it  maybe  neglected.  The  mean  value  as  given  by  the  three 
intercepts  of  the  fundamental  and  two  harmonics  in  Fig.  7  is  282,- 
000.  The  value  as  calculated  by  Austin  from  the  simple  formula 
is  26o,CX)0,  and  as  calculated  from  his  data,  264,000.  The 
value  of  L  is  given  by  Austin  as  "about  0.009  millihenry.**  To 
agree  with  the  frequency  as  given  by  the  intercepts,  the  value  of 
the  inductance  must  be  0.0079  "^^-  assuming  the  capacity  to  be 
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correctly  given  as  0.04  m.f.  (misprinted  in  original  article  as  0.4 
ohm).  The  correction  for  the  high  frequency  inductance  would  be 
in  the  right  direction  to  account  for  the  difference,  but  an  accurate 
determination  of  the  constants  of  Austin's  circuit  would  be  an  in- 
teresting test  of  the  formula  (17). 
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Fig.  6.    Coires  from  Anstin's  data.     Equation  of  straight  lines, 


l67r«Z« 


In  Fig.  6,  the  curve  for  the  two  arcs  in  series  —  corresponding  to  a 
greater  arc  length  —  has  a  greater  slope  than  the  curves  for  the 
single  arcs,  agreeing  with  the  formula,  since  /  appears  in  the  numer- 
ator of  the  slope.  The  difference  in  the  intercepts  of  the  curves 
d  and  e  is  probably  due  to  a  small  change  in  the  primary  induc- 
tance caused,  perhaps,  by  shifting  a  wire,  and  cannot  be  due  to  a 
change  in  the  arc  length,  as  Austin  suggests,  since  the  slopes  are 
unchanged. 
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The  slopes  in  the  curve  shown  in  Fig.  7  are  in  the  ratio  i  :  4  : 9  as 
are  also  the  intercepts,  indicating  that  the  ordinates  plotted  are  the 
squares  of  the  ratios  i  12:3.  This  is  in  accordance  with  Austin's 
conclusion. 
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Fig.  7. 
Table  IV.     (Fig.  6,  Curve  d.) 

Current  Changed  by  Changing  Main  Circuit  Resistance, 


n 

«• 

A 

xM« 

312,000 

9.74  X  10^ 

2.0 

.25 

356,000 

12.70 

2.5 

.16 

378,000 

14.28 

3.0 

.111 

390,000 

15.20 

3.5 

.082 

420,000 

17.61 

5.2 

.037 

Frequency  from  ^-intercept  of  curre,  424,000.     1  arc,  240  volts.     Arc  length  about 
0.3  mm. 
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Table  V.     (Fig.  6,  Curve  e.) 
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n 

n* 

A 

xM« 

315,000 
356,000 
365,000 
379,000 

9.92  X  lO*® 
12.68 
13.35 
14.40 

2.1 
2.8 
3.0 
3.5 

.227 
.128 
.111 
.082 

1  arc,  120  volts. 

Table  VI.     (Fig.  6,  Curve/.) 


H 

«• 

A 

iM« 

316,000 
355,000 
371,000 

10.00  XIO" 

12.61 

13.79 

4.2 
5.0 
5.8 

.057 
.040 
.0297 

2  arcs  in  series,  240  toUs. 


Table  VII.     (Fig.  7.) 

TAI^Volt  Circuit;  p,d.  Across  Arc  About 2\  Volts,     Current  Changed  by  Changing 

External  Resistance. 


n 

M* 

A 

i/M 

217,000 
400,000 
705,000 

4.71X10*® 
16.00 
49.70 

1  amp. 

1 

III 

5.58 
22.30 
57.80 

1.5 

.444 

263,000 
520,000 
820,000 

6.91 
27.1 
67.1 

2.0 

.25 

274,000 

.  540,000 

820,000 

7.50 
29.2 
67.1 

2.5 

.16 

289,000 
550,000 
860,000 

8.37 
30.2 
74.0 

3.0 

.11 

tit 

8.71 
33.6 
82.9 

4.0 

.082 

Points  at  1.5  amperes  have  been  interpolated  from  Austin's  curves. 
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MaiseFs  Data,  —  The  straight  line  curves  corresponding  to 
Maisel's  data,  taken  in  1903,  have  been  plotted  by  the  author,  but 
are  not  reproduced  here,  as  they  are  of  exactly  the  same  nature 
as  those  of  Austin.  The  straight  lines  from  Maisel's  data  are 
interesting  as  showing  that  for  frequencies  even  as  low  as  1,200 
the  formula  (17)  still  holds  true,  a  straight  line  resulting  from  the 
plot  of  ff  against  i/^^  and  not  \\A^y  as  might  have  been  expected 
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Fig.  8.    Curres  showing  increase  in  —  for  arc  in  gas. 

for  such  low  frequencies.  The  frequency  as  calculated  from  the 
inductance  of  3.4X  io~'  henrys  and  capacity  of  3.43  m.f.  is  1,460, 
while  that  given  by  the  intercept  is  1,360,  a  fairly  close  agree- 
ment, considering  the  irregular  nature  of  the  data. 

Banti's  data  are  not  available  for  a  check  on  the  formula,  only 
three  points  being  given,  and  the  range  of  frequencies  being  so 
great.  It  is  considered  that  the  change  in  slope  in  the  author's  ex- 
periments and  those  of  Austin  furnishes  a  better  verification  of  the 
formula  for  the  case  of  change  of  inductance. 

The  formula  (17)  and  the  approximation  (18)  may  therefore  be 
regarded  as  verified  by  all  the  data  hitherto  published  on  the  fre- 
quency of  the  singing  arc.  The  more  exact  determination  of  the 
constants  c  and  d  of  the  formula,  as  well  as  the  manner  in  which  d 
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changes  with  the  frequency,  must  wait  for  further  experiments. 
The  formula  (12)  gives  promise  of  being  a  potent  instrument  for 
determining  the  law  of  the  variation  of  dV\dA  with  the  frequency. 
The  manner  in  which  dVjdA  or  its  equal  (c  +  ld)IA  enters  into 
the  exponent  of  the  damping  factor  ^-[«-<e+M)/^]/2x;  •  ^^^  j,^^q  ^j^^ 
expression  for  the  amplitude  is  worthy  of  note.  Since  R  is  in 
general  small  compared  with  the  second  term  in  the  exponent,  the 
exponent  as  a  whole  is  positive  instead  of  negative,  indicating  that 
instead  of  the  oscillations  being  damped  they  should  continue  to  in- 
crease in  amplitude.  This  goes  on  until  the  limit  of  the  power  that 
can  be  furnished  by  the  arc  is  reached,  when  the  oscillations  settle 
down  to  equilibrium  conditions,  undamped,  and  not  increasing.  To 
get  the  maximum  energy  from  the  arc,  it  is  evident  that  dVjdA 
must  be  as  large  numerically  as  possible,  and  negative.  To  fulfill 
these  conditions,  the  arc  should  be  as  long  as  possible  and  the  cur- 
rent as  small  as  possible.  The  constants  c  and  d  can  be  made 
larger  by  having  the  electrode  as  good  conductors  of  heat  as  pos- 
sible, and  by  increasing  the  pressure  of  the  surrounding  gas,  or 
forming  the  arc  in  an  atmosphere  of  hydrogen  or  steam  instead  of 
in  air.  The  increase  in  the  slope  of  the  curve  for  the  arc  in  gas 
over  that  for  the  arc  in  air  is  shown  graphically  in  Fig.  8  from  the 
author's  date.  All  these  conditions  may  be  summarized  by  saying 
that  {c  +  ld)IA  should  be  a  maximum,  and  all  the  conditions  speci- 
fied above  are  confirmed  by  experiments. 

Author's  Experiments. 
The  experiments  of  the  author  have  been  made  with  a  d.c.  arc 
enclosed  in  a  bronze  chamber  containing  illuminating  gas  instead  of 
hydrogen,  the  gas  being  constantly  renewed.  The  anode  was  of 
copper,  wedge-shaped  and  water-cooled,  with  its  sharp  edge  turned 
toward  a  graphite  disc  of  about  two  cm.  radius  forming  the  cathode. 
The  graphite  disc  was  turned  slowly  by  a  small  motor  working 
through  two  worm  gears  in  series,  giving  a  io,cxx) :  i  reduction.  At 
the  slowest  speed  of  the  motor  the  disc  made  about  one  revolution  in 
eighteen  minutes,  and  the  speed  was  adjusted  so  as  to  present  a 
new  surface  on  the  graphite  disc  as  it  was  burned  away.  The 
arrangement  of  apparatus  was  similar  to  that  shown  in  Fig.  2,  the 
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choke  coil  being  the  primary  of  a  large  transformer,  designed  to 
operate  on  600  volts  a.c,  and  the  resistance  being  a  large  water 
rheostat,  with  other  resistance  frames  in  series.  Steady  conditions 
and  a  large  range  of  operation  were  secured  by  a  supply  of  500 
volts  d.c.  maintained  at  constant  pressure  by  a  Tirrell  regulator. 
In  addition  to  the  apparatus  shown  in  Fig.  2,  a  d.c.  voltmeter  was 
connected  across  the  arc,  a  d.c.  ammeter  was  placed  in  series  with 
the  resistance,  and  a  secondary  resonance  circuit  containing  a  vari- 
able inductance  a  variable  capacity  and  a  hot  wire  ammeter,  was 
loosely  connected  with  the  inductance  Z. 

The  secondary  inductance  and  capacity  were  calibrated  by  com- 
paring them  with  certain  standard  forms,  the  inductance  with  long 
helices,  rectangles  and  circles,  and  the  capacity  with  circular  plates. 
In  calibrating  the  capacity  Kirchhoff's  formula 

^      Ttf^        r    \  ^,        l67rr(d+t)         ,        d+t] 
^  =  ^+^4^^°g'         e^»         +^»^g»  -7-}' 

where  r  is  the  radius,  /  the  thickness  and  d  the  distance  apart  of 
the  plates,  was  used,  correcting  for  the  thickness  and  edge  effects  of 
the  circular  plates.  The  equivalent  inductance  of  the  primary  and 
secondary  circuits  was  determined  by  measuring  the  inductance  of 
circuits  of  the  same  area  made  of  the  same  sized  wire. 

In  measuring  the  arc  lengths,  the  method  of  direct  determina- 
tion was  used,  the  arc  being  extinguished  after  each  determination 
of  the  frequency,  and  the  distance  between  the  edge  of  the  anode 
and  the  graphite  disc  measured  with  a  scale  and  calipers. 

The  method  of  operation  was  to  set  the  secondary  circuit  for  the 
desired  frequency,  and  then  tune  the  primary  circuit  to  resonance 
with  the  secondary  by  increasing  the  length  of  the  arc.  The  final 
adjustments  were  made  with  the  variable  capacity  in  the  secondary. 

The  author  has  confined  himself,  as  far  as  possible,  to  the  ques- 
tion of  the  frequency  in  this  communication,  and  a  more  detailed 
description  of  his  apparatus  is  unnecessary  at  present  The  author 
hopes  later  to  publish  a  contribution  to  the  study  of  the  symmetry 
and  the  energy  relations  in  the  singing  arc,  and  to  give  a  more 
detailed  description  of  his  apparatus  and  instruments  at  that  time. 
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Summary. 
The  frequency  of  the  singing  arc  is  not  determined  by  the  simple 
formula 

I 
\LC' 


""^Ttc^J 


The  frequency  increases  with  the  inductance  when  the  product  of 
the  inductance  and  capacity  is  maintained  constant,  and  the  curve  of 
frequency  approaches  an  asymptote  when  the  inductance  is  made 
very  large. 

The  frequency  increases  when  the  steady  current  through  the 
arc  is  increased,  and  approaches  as  an  asymptote  the  value  given  by 
the  formula 

I 
27:SLC 


SLC 


when  the  current  becomes  very  large. 

The  frequency  decreases  when  the  length  of  the  arc  is  increased 
and  for  zero  arc  length  the  frequency  is  given  by  the  formula 

^1  IT 

^^  27tSLC' 

The  frequency  is  decreased  by  surrounding  the  arc  by  gas  instead 
of  by  air,  and  by  increasing  the  pressure  of  the  air  or  gas. 
The  correct  formula  for  the  frequency  of  the  singing  arc 


'   (-^7 


2n\LC 


which  explains  all  the  above  effects,  may  be  derived  by  using  Ohm's 
and  Kirchhoff 's  laws  and  the  characteristic  properties  of  the  elec- 
tric arc. 

For  purposes  of  calculating  the  formula  may  be  written  approxi- 
mately 

and  in  this  form  agrees  closely  with  the  observed  facts  except  in 
certain  critical  cases. 
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The  formula  may  be  written  in  a  more  general  form  as 


V 


IKA- 


LC  4D 

and  in  this  form  may  be  used  to  determine  the  change  of  dVjdA 
with  the  frequency. 

In  practical  application,  the  formula  shows  that  when  a  large 
change  of  frequency  is  desired  with  a  small  change  of  arc  current, 
as  in  certain  systems  of  wireless  telephony,  the  inductance  L  of  the 
shunt  circuit  should  be  very  small.  If  steady  conditions  of  tuning 
are  desired,  Z  should  be  large,  thus  making  the  effect  of  the  second 
term  under  the  radical  small. 

In  order  to  secure  a  maximum  of  energy  in  the  oscillations, 
dVJdA  should  be  negative  and  as  large  numerically  as  possible.  In 
other  words,  {c  +  Id  )IA  should  be  a  maximum.  To  satisfy  this 
condition,  the  arc  length  should  be  large,  the  arc  current  small,  the 
arc  should  be  formed  in  gas  or  in  air  under  pressure,  and  the  elec- 
trodes an$l  enclosing  chamber  should  be  of  large  heat  capacity  and 
good  thermal  conductivity. 

Physical  Laboratory,  Cornell  University. 
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A  GALVANOMETER  SCALE  FOR  THE  DIRECT  READ- 
ING  OF  TEMPERATURES  WITH  THERMO-ELEC- 
TRIC COUPLES. 

By  Anthony  Zelbny. 

IT  is  often  desirable  to  use  a  direct-reading  instrument  when  em- 
ploying thermo-electric  couples  for  the  measurement  of  tem- 
peratures. An  accurate  scale  for  such  an  instru|?ient  can  be  con- 
structed in  the  following  manner  : 

From  the  general  equation  for  thermo-electric  couples,  ^  =  a/  -f-  */*, 
it  follows  that  the  rate  at  which  the  electromotive  force  changes  with 
the  temperature,  is 

_  =  a  H-  zbt. 
dt 

At  any  temperature  /,  therefore,  the  electromotive  force  due  to  a 
difference  of  one  degree  in  temperature  is  equal  to  a  -|-  2bU  Since 
this  electromotive  force  is  different  at  different  temperatures,  the 
galvanometer  deflections  produced  per  degree  vary  with  the  tem- 
perature.    The  relative  magnitudes  of  the  scale  divisions  are  then 

expressed  by 

D  \  D*  \\a  -it  2bt'\a  '\'2bi! , 
and 

a  +  2bt!  j^ 


D' 


a-^  2bt 


In  this  manner  the  length  of  the  division  D*  at  any  temperature 
t!  is  calculated  from  the  chosen  length  of  the  division  D  at  the  tem- 
perature /.  The  increments  required  for  the  intermediate  successive 
scale  divisions  are  equal  and  their  value  is  {D'  —  D^lif  —  0-  The 
scale  is  ruled  preferably  on  a  dividing  engine.  The  first  division  is 
made  of  the  chosen  magnitude  Dy  and  the  succeeding  divisions  are 
each  made  larger  than  the  one  nearest  preceding  it  by  the  amount 
of  the  above  increment. 
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The  proper  resistance  required  for  the  galvanometer  circuit  is 
found  by  placing  the  two  junctions  each  into  one  of  two  vessels  of 
different  temperatures.  When  the  circuit  is  open,  the  scale  is  set  to 
indicate  the  temperature  of  the  junction  that  is  intended  to  be  used 
as  the  known  temperature  junction,  and  when  the  circuit  is  closed, 
resistance  is  introduced  into  the  circuit  until  the  galvanometer  reads 
the  temperature  of  the  other  junction.  This  is  the  proper  resist- 
ance for  temperature  measurements  with  that  galvanometer,  scale 
and  couple. 

In  any  future  measurements  the  scale  is  first  set  to  indicate  the 
temperature  of  the  known  temperature  junction,  then,  when  the 
circuit  is  closed,  the  temperature  of  the  other  junction  is  directly 
indicated  by  the  galvanometer.  A  correct  reading  of  the  tempera- 
ture is  obtained  regardless  of  what  may  be  the  temperature  of  the 
room  or  vessel  containing  the  known  temperature  junction. 

The  scale  may  be  drawn  in  sections,  one  under  the  other,  enabling 
the  whole  range  of  measurable  temperatures  to  be  extended  over 
a  larger  length.  The  known  temperature  junction  must  be  main- 
tained at  some  temperature  that  is  contained  in  the  particular  section 
employed. 

For  precision  measurements  the  defects  inherent  in  galvanometers 
must  be  considered.  In  the  moving  coil  type  these  are:  (i)  The 
variation  in  the  proportionality  of  the  deflection  to  the  current ;  (2) 
hysteresis ;  ^  (3)  thermo-electromotive  force  present  within  the  gal- 
vanometer ;  (4)  temperature  coefficient '  of  the  galvanometer.  The 
effect  of  the  thermo-electromotive  force  present  within  the  gal- 
vanometer is  avoided  by  having  the  galvanometer  circuit  closed, 
exclusive  of  the  thermo-electric  junction,  while  the  scale  is  set  to 
indicate  the  temperature  of  the  known  temperature  junction,  or, 
whenever  it  is  convenient,  by  setting  the  scale  while  both  junctions 
are  at  the  same  known  temperature  and.  the  active  circuit  is 
closed. 

The  moving  coil  galvanometer  with  the  above  described  scale  has 
been  employed '  successfully  by  the  writer  for  several  years,  and  was 

^A.  Zeleny,  Phys.  Rev.,  Vol.  23,  p.  399,  1906. 
*  A.  Zeleny  and  O.  Hovda,  Phys.  Rev.,  1908. 

•A.  Zelcny,  Engineers  Year  Book,  Univ.  of  Minn.,  1907;  U.  S.  Patents  Nos. 
705186,  705187,  721770. 
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found  to  be  convenient  for  many  purposes.  This  method  is  espe- 
cially useful  in  investigations  where  temperatures  at  several  points  are 
required.  The  several  junctions,  which  have  a  common  return 
branch  and  a  common  known  temperature  junction,  are  placed  in 
succession  in  circuit  with  the  galvanometer. 

Physical  Laboratory, 

University  of  Minnesota, 
February  21,  1908. 


Digitized  by 


Google 


144  NEW  BOOKS,  [Vol.  XXVIl 


NEW  BOOKS. 

The  Modem  Theory  of  Physical  Phenomena  {Radioactivity  ^  lons^  Elec" 
irons).     By  Augusto  Righi.     Third  edition.     Bologna,  ZanichcUi. 

Ionization  and  Electric  Convection   on  Ga^es.     By   L.  Amaduzzi. 

Bologna,  Zanichelli. 

These  two  books,  consisting  of  about  three  hundred  pages  each  of  not 
very  closely  printed  text,  are  numbers  three  and  nine  respectively  of  a 
series  of  scientific  memoirs  entitled  '  *  Attualita  Scientifiche.  * '  This  title, 
which  it  is  difficult  to  translate  into  concise  English,  implies  a  treatment 
of  the  newer  discoveries,  in  the  various  sciences,  which  have  been  carried 
so  far  as  to  leave  little  doubt  but  that  the  interpretation  of  the  results  is 
in  the  main  correct  and  which  are  still  so  recent  that  they  have  not  yet 
become  matters  of  general  knowledge. 

The  aim  of  the  writers  of  these  memoirs  has  been  to  give  a  popular 
treatment  which  should  nevertheless  be  comprehensive  enough  to  serve 
as  a  preparation  for  the  study  of  the  original  memoirs.  It  is  worthy  of 
note  that  several  editions  have  appeared  in  the  case  of  some  of  these 
books  which  we  on  this  side  of  the  Atlantic  would  hardly  classify  as 
popular. 

The  third  edition  of  Professor  Righi's  book  preserves  the  form  and 
order  of  presentation  of  the  subject  adopted  in  the  earlier  edition  from 
which  the  English,  French  and  German  translations  were  made.  Almost 
all  of  the  chapters  have  been  considerably  amplified  and  a  new  chapter 
on  atomic  transformations  in  radio-active  bodies  has  been  inserted. 

A  very  good  feature  of  the  book  is  the  complete  bibliography  at  the  end 
which  is  presented  in  a  form  not  necessarily  requiring  a  knowledge  of 
Italian  to  be  of  use  to  English  readers. 

It  is  unfortunate  that  Dr.  Amaduzzi 's  book  on  Ionization  is  reviewed  in 
this  journal  two  years  af^er  its  publication  for  it  is  necessary  to  call  attention 
to  omissions  which  are  in  nowise  the  fault  of  the  author.  Except  for  the 
recent  experiments  on  ionization  produced  by  radio-active  bodies,  anode 
rays,  Townsend*s  measurements  of  the  positive  ions  produced  in  air  by 
Rontgen  rays  and  Thomson's  measurements  of  ejm  for  canal  rays,  all  of 
which  have  been  made  since  1906,  Dr.  Araaduzzi's  book  gives  a  very 
thorough  resume  of  what  is  known  at  the  present  time  in  the  matter  of 
which  he  treats. 

The  presentation  of  the  subject  is  clear  and  liberal  use  is  made  of  dia- 
grams and  tables  of  experimental  results.  Considerable  space  is  devoted 
to  experiments  on  electric  convection  in  gases  at  atmospheric  pressure  — 
a  subject  in  which  the  Italian  physicists  have  been,  it  would  seem,  pioneers. 

A.  Trowbridge. 
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I.   Introduction. 

ACCORDING  to  the  modern  theory  of  solutions  the  osmotic 
pressure  in  a  solution  is  proportional  to  the  concentration 
of  the  solute.  If  now  there  is  a  difference  of  osmotic  pressure 
between  two  points,  there  is  a  tendency  for  the  solute  to  move 
from  the  region  of  higher  to  that  of  lower  pressure,  and  the  rate 
of  this  movement  is  proportional  directly  to  the  difference  in  pres- 
sure or  concentration  and  inversely  to  the  resistance  of  the  medium. 
If  the  amount  of  the  solvent  is  large  in  comparison  with  that  of 
the  solute  this  resistance  is  independent  of  the  concentration  of  the 
substance.  In  the  case  where  an  ordinary  inorganic  salt  is  the  so- 
lute the  simplicity  of  this  relation  may  be  influenced  by  the  change 

>  Contributions  from  the  Research  Laboratory  of  Physical  Chemistry  of  the  Massa- 
chusetts Institute  of  Technology,  No.  26. 
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taking  place  with  change  of  concentration  in  the  character  of  the 
solute  due  to  ionization.  The  ions  in  a  solution  act  osmotically  in 
a  manner  similar  to  the  undissociated  molecules,  exerting  a  pres- 
sure proportional  to  their  concentration  ;  but  the  frictional  resist- 
ance which  they  encounter  is  different  from  that  of  the  undissoci- 
ated substance.  Although  any  difference  in  the  resistance  to  the 
motion  of  the  separate  ions  would  tend  to  cause  the  faster  one  to 
diffuse  more  rapidly  and  thus  separate  it  from  the  others,  yet  it  is 
held  back  by  the  great  electrostatic  charge  which  would  thus  be 
generated,  so  that  a  positive  and  negative  ion  of  the  substance 
must  move  together ;  but  the  resultant  effect  will  in  general  be  to 
produce  a  rate  of  diffusion  different  from  that  of  the  undissociated 
part. 

Assuming  that  the  salt  was  totally  ionized  Nemst  in  1888*  de- 
rived an  expression  for  the  rate  of  diffusion  based  upon  values  of 
the  equivalent  conductance  of  the  ions  as  determined  by  transfer- 
ence and  conductivity  measurements  at  great  dilution.  These  cal- 
culated values  checked  very  well  with  experimentally  found  ones 
when  the  experiments  were  carried  on  at  great  dilutions  but  devi- 
ated more  and  more  as  the  concentration  increased.  This  variation 
is  probably  due  to  the  increasing  part  taken  in  the  diffusion  by  the 
undissociated  substance  as  the  concentration  increases ;  and  it  is  the 
purpose  of  this  investigation  to  determine  the  difference  in  mobility 
existing  between  the  dissociated  and  undissociated  portions  of  the 
solute. 

In  order  to  simplify  the  calculations,  the  work  was  restricted  to 
the  case  of  diffusion  in  one  direction  only.  This  was  accomplished 
by  using  a  cylindrical  tube  filled  with  pure  water  at  the  start,  but 
having  a  saturated  solution  at  the  bottom,  thus  allowing  the  diffu- 
sion to  take  place  against  gravity.  The  concentration  changes 
were  determined  by  measurement  of  the  electrical  conductivity  at 
different  points  along  the  tube  after  various  intervals  of  time.  These 
values  substituted  in  the  proper  formula  allowed  the  separate  diffu- 
sion constants  of  the  ions  and  of  the  undissociated  substance  to  be 
calculated.  The  salts  thallium  sulphate  and  barium  nitrate  were 
selected  as  they  are  to  a  large  extent  undissociated  in  o.ioo  normal 
solutions. 

^Z.  Phys.  Chcm.,  2,  613,  1888. 
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2.  Theoretical  Principles  Relating  to  Diffusion. 
General  Law  of  Diffusion. — Although  osmotic  phenomena  as  such 
were  not  recognized  until  a  later  date,  its  principles  were  first  ap- 
plied to  diffusion  by  Fick,  who  in  1854,^  expressed  the  law  that 
the  quantity  of  salt  which  diffuses  through  a  given  area  is  propor- 
tional to  the  difference  between  the  concentrations  of  two  areas  in- 
finitely near  to  each  other.  That  is,  if  we  take  two  points  in  a 
solution  at  an  infinitesimal  distance  apart  dx,  the  difference  in  con- 
centration at  these  two  points  will  be  dc  and  hence  the  concentra- 
tion gradient  in  the  direction  x  will  be  dcjdx.  Pick's  law  states 
that,  for  the  case  when  the  diffusion  is  in  one  direction  only,  as  occurs 
when  it  is  allowed  to  take  place  in  a  cylinder,  the  amount  of  solute 
dS  which  will  cross  a  given  cross-section  «  in  a  time  dt  is  expressed 

by 

dS~-Da^f^dt  (I) 

or  the  rate  of  change  by 

The  minus  sign  here  denotes  that  the  solute  diffuses  in  the  direc- 
tion of  decreasing  concentration.  D  is  the  so-called  diffusion-con- 
stant or  specific  diffusion-rate ;  it  is  equal  to  the  amount  of  solute 
which  would  diffuse  across  unit  area  under  a  concentration  gradient 
of  unity  in  unit  time  if  the  rate  were  constant  during  that  time.  In 
this  work  the  time  is  expressed  in  days,  the  concentration  in  equiv- 
alents per  liter,  and  the  distance  in  centimeters. 

In  the  above  equation  we  have  two  independent  variables  x  and 
/,  and  two  dependent  ones  5  and  c.  By  the  following  consider- 
ations we  can  reduce  the  dependent  variables  to  one.  Consider  an 
infinitesimal  volume  in  a  cylinder  bounded  by  planes  at  the  distance 
X  and  x+dx.  The  amount  of  solute  which  will  accumulate  in  this 
volume  in  time  dt  will  be  the  difference  in  the  amount  which 
will  cross  the  planes  at  x  and  at  x+  dx.  This  may  be  written 
—5  {dS)\dX'dx  since  the  amount  which  will  cross  at  {X'\-dx)  equals 

(^+?^>*). 

iPogg.  Ann.,  9^.  59,  1855. 
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The  increase  in  concentration  of  the  solute  in  time  dt  in  this  volume 
then  is  the  total  accumulation  divided  by  the  volume  or 

d{dS) 


dx 


'dx 


adx 

As  this  may  also  be  expressed  by  the  quantity  dcjdtdt  we  get 

dc  ^  I  d(dS\ 

dt  a    dx 

Substituting  for  dS  its  value  ^Da  •  dcjdx  •  dt  given  by  Pick's  law^ 
carrying  out  the  diflferentiation,  and  eliminating  dt  we  get  as  our 
reduced  equation  for  the  case  the  cross-section  is  uniform 

This  equation  is  analogous  to  that  of  Fourier  for  the  flow  of  heat, 
and  has  different  solutions  according  to  the  conditions  imposed  by 
the  methods  of  carrying  out  the  diffusion.  If  in  a  tube  so  long  as 
to  be  practically  infinite,  so  far  as  the  time  of  an  ordinary  experi- 
ment is  concerned,  the  concentration  is  held  constant  at  one  end 
and  is  zero  at  the  other,  and  if  at  the  start  the  concentration  is  zero 
throughout  the  tube,  we  may  obtain  by  solving  the  differential 
equation  under  the  assumption  that  D  is  constant  the  following 
expression  for  the  concentration  c  at  any  point  x  after  any  time  t. 

where  c^  is  the  constant  concentration  at  the  lower  end,  and 


2y/Dt 


Knowing  the  value  c  for  any  point  we  can  inversely  calculate  D 
the  diffusion  constant.  If  D  is  not  constant  for  all  values  of  r,  as 
is  the  case  if  the  assumption  of  the  different  rates  of  diffusion  of 
the  dissociated  and  undissodated  substances  is  true,  another  formula 
must  be  developed  which  will  take  this  fact  into  consideration. 
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Diffusion  of  Completely  Ionized  Substances.  —  Assuming  the  solute 
to  be  totally  dissociated  Nernst  in  1888^  derived  theoretically  an 
expression  for  D  in  terms  of  the  ionic  velocities  as  computed  from 
transference  and  conductivity  data  for  the  case  of  a  salt  splitting  into 
two  univalent  ions.  For  the  more  general  case  in  which  the  salt  is 
completely  dissociated  into  any  number  of  ions  of  any  valence,  an 
expression  may  be  similarly  derived/  as  follows : 

Let  us  take  an  electrolyte  whose  formula  weight  yields  on  com- 
plete dissociation  n^  mols  of  cations  of  valence  v^  and  n^  mols  of 
anions  of  valence  v^.  The  product  of  the  n  umber  of  mols  of  each  ion 
by  its  valence  is  necessarily  the  same  for  both  the  positive  and  negative 
ions  ;  or  ny^  =  nv^.  If  Cis  the  concentration  in  formula  weights  per 
liter,  the  number  of  ions  having  the  same  electrical  sign  is  nj^  for  the 
cation  and  njC  for  the  anion ;  and  correspondingly,  the  concentra- 
tion-gradients for  the  cation  and  anion  are  n^dQdx  and  njlC\dx, 
respectively.  As  the  osmotic  pressure  of  the  ions  is  expressed  by 
P=nCRT,  the  force  acting  across  unit  area  through  the  distance 
dx  in  the  positive  direction  of  x  is  the  difference  between  the  force 
P3t  xaLndP+  dPd^:x+  dx  or  is 

dC  dC 

—  n  RT  -J-  dx    and      —  nRT  -,-  dx 
**        dx  ""        dx 

for  the  anions  and  cations  respectively.     This  is  the  force  that  acts 

upon  the  ions  in  the  volume  dx  that  is  upon  njCdx  and  njCdx 

mols  of  anions  and  cations  so  that  the  force  acting  upon  one  mol 

will  be 

_  _  dC  _  _  .uiC  , 

nCdx  ~         nCdx  ~        C  dx 

a  c 

it  being  therefore  identical  for  both  the  anion  and  cation. 

Now,  since  the  friction  against  the  solvent  is  different  for  the  dif- 
ferent ions  one  ion  would  tend  to  get  ahead  of  the  other.  This, 
however,  would  generate  an  electrostatic  field  between  the  positive 
and  negative  ions,  which  field  in  turn  would  accelerate  the  slower 
ion  and  retard  the  more  rapidly  moving  one.     Let  us  consider  the 

*  Loc.  cit. 

'  For  this  derivation  I  am  indebted  to  Professor  A.  A.  Noves. 
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electric  potential  generated  to  be  E^  then  the  electric  force  acting 
upon  one  mol  of  cation  or  anion  is  -^vJF'dEjdx  or  +vJF'dEldx 
respectively,  where  F  is  one  faraday  of  electricity.  The  total  force 
acting  upon  one  mol,  therefore  is : 

__,  I  dC         ^dE  ^      ,  .  ,-. 

—  ^^Cdx'^'^^dx  cations,  (6) 

_,— ,  I  dC         -^dE  ^      ,         .  ,  . 

-  ^r  -^  ^  +  T^a^  ^  for  the  anions.  (7) 

Let  u^  and  u^  be  the  velocities  of  each  ion  when  the  force  acting 
upon  one  mol  is  unity,  and  let  dN^  and  dN^  be  the  number  of  mols 
of  each  ion  passing  a  cross-section  a  in  the  time  dt^  then  under  the 
above  force 

dN,^u,an,c(-RT^f^^vJ^''^)4t.  (8) 

dN^  =  «,««.C(  -  RT^^^+  v,F^)  dt.  (9) 

But 

dN,     dN 
n~n' 


(10) 


since  equivalent  quantities  of  the  two  ions  must  pass  through  any 
section  in  the  same  time,  therefore 

or 

^dE_^^j^^-j^.RTdC 

dx  \  uy^  +  ujj^  1    C  dx  ^     ^ 

If  this  value  and  equation  (8)  or  (9)  is  substituted  in  equation  (10) 
above  we  have 

where  dN  is  the  number  of  formula  weights  passing  cross-section 
in  time  dt.  If  instead  of  formula  weights  we  use  equivalent  weights, 
since   one   formula   weight   equals  ny^  or  ny^  equivalents,  and 
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f/  ss  uy^^nA  £/  as  ujj^  represent  the  velocities  when  unit-rorce  acts 
on  one  equivalent  weight  of  ions  we  obtain  by  substitution  and  re- 
duction 

dS^-aRT%^[^y-yt,  (.4) 

where  dS  is  the  number  of  equivalents  crossing  in  time  dt^  and  where 
dc\dx  represents  the  concentration-gradient  in  equivalents. 

By  a  comparison  of  this  formula  with  the  expession  of  Pick's  law 
(equation  i)  we  see  that  we  can  express  D  in  terms  of  quantities 
derived  from  electrical  measurements  or 


RT 


UU 


f^a+f^e 


(i  +  r).  Cs) 


provided,  of  course,  we  assume  that  the  solute  is  totally  dissociated, 
and  hence  all  diffusion  is  done  by  the  ions  only.  This  condition  is 
approached  only  in  very  dilute  solutions  and  hence  D  is  the  limit- 
ing value  at  infinite  dilution.  At  other  concentrations  the  value 
of  D  as  found  from  Pick's  formula  will  be  greater  or  less  according 
as  the  undissociated  substance  diffuses  faster  or  slower  than  the  ions. 
As  a  general  rule  the  diflfusion  constant  has  been  shown  to  become 
larger  as  the  dilution  is  increased  and  hence  we  believe  that  the  ions 
move  more  rapidly  than  the  undissociated  portion. 

Diffusion  of  Partly  Ionized  Substances. — As  shown  above,  in 
the  case  of  diffusion  of  a  simple  substance,  the  amount  of  solute 
which  will  diffuse  across  any  plane  of  cross-section  a  in  the  time  dt 
may  be  expressed  by  the  equation 

dc 
dS^'-Da-^-dt. 

dx 

A  dissociated  solute  diffuses  in  two  parts,  the  dissociated  and  undis- 
sociated, and  during  an  infinitesimal  time  the  parts  may  be  consid- 
ered as  moving  independently,  each  having  its  own  diffusion  coeffi- 
cient* Hence  we  can  say  that  the  total  amount  crossing  the  area 
is  equal  to  the  sum  of  the  two  parts,  that  is, 

dS^dS,+dS^,  (16) 

^Kemst,  Z.  Phys.  Chem.,  ^,  634,  1888 
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where  dS^  and  dS^  represent  the  number  of  equivalents  of  un-ionized 
substance  and  of  ionized  substance,  respectively. 

dS^-D/-l^^dt-D^^-^^dt,  (17) 

where  c^  and  Z>,  refer  to  the  undissociated  portions  and  c^  and  D^  to 
the  dissociated.  As  the  ions  must  move  together  they  will  not  have 
separate  diffusion  constants  and  D^  will  be  the  constant  correspond- 
ing to  the  whole  dissociated  portion.  By  reasoning  similar  to  that 
applied  to  the  general  equation  we  get 

dt~        adx       "~a    dx    -  dx'^"^  e'x'^» 

(dc.  ^       8c,  ^\da 

If  the  tube  is  uniform,  da/dx  =  o,  and  we  obtain 

Equation  (19)  is  an  expression  in  five  variables,  of  which  x  and  / 
are  independent  It  can  be  considerably  simplified  with  the  help  of 
the  relation  between  the  concentrations  c,  c^  and  r,.  Storch  *  and 
others  have  found  that  this  relation  can  be  almost  exactly  expressed 
between  o.ioo  normal  and  zero  concentration  by  an  equation  of  the 
form  c^  =  Kc^  (20)  where  n  varies  somewhat  with  the  salt  but  has 
always  approximately  the  value    1.5.     We   have  also  of  course 

C^C^-\'  Cy 

From  these  functions  we  get 
dx      ^"^^       dx' 


&C, 

dx^ 


\^Kn[cr^%  +  {n-.yr^^f\. 


iZ.  Phys.  Chcm.,  ig,  13,  1896. 
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Substituting  these  ratios  in  equation  (19)  we  obtain  an  expression 
in  r,,  /,  and  x. 

If  a  suitable  solution  can  be  found  for  this  equation  which  will  satisfy 
the  conditions  of  the  experiment,  the  constants  D^  and  D^  could  be 
determined  provided  we  measure  the  concentrations  at  various 
points  along  the  tube  at  definite  times.  As  yet  a  method  of  inte- 
grating this  equation  has  not  been  found,  and  the  equation  has 
therefore  been  used  in  its  differential  form.  Empirical  expressions 
can  be  determined  which  express  the  concentration  as  a  function  of 
the  distance  at  the  time  of  each  measurement,  and  also  other  ex- 
pressions which  express  the  concentration  as  a  function  of  the  time 
at  the  distance  of  each  electrode  in  the  tube.  By  differentiating 
these  expressions  with  respect  to  the  distance  and  time  respectively 
we  can  obtain  differential  coefficients  which  when  substituted  in  the 
differential  equation  (21),  will  give  a  series  of  simultaneous  equations 
containing  as  unknowns  D^  and  Z^,,  the  diffusion  constants. 

Since  the  concentrations  were  determined  from  conductances,  as 
will  be  described  in  section  4,  it  was  found  more  convenient  in  the 
experiments  to  change  the  dependent  variable  from  c^  to  Z,  where 
L  is  the  specific  conductance  and  is  equal  to  the  product  of  c^  into 
A^  the  equivalent  conductance  at  zero  concentration.  Making  this 
substitution  we  obtain  as  our  equation 

V  +  Ha)    Jz,^  =  Az^,^ 

This  can  be  reduced  to 

where  (23) 

Kn 
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With  this  equation  if  the  law  expressing  the  relation  between  the 
conductance  and  concentration  of  the  substance  is  known  and  the 
specific  conductances  at  different  points  along  the  tube  are  meas- 
ured, the  partial  derivatives  in  respect  to  time  and  distance  at  each 
point  and  time  can  be  found.  Substituting  these  in  the  equation 
above  (23)  an  expression  is  obtained  in  which  D^  and  D^  are  the 
only  unknowns. 

P^QD^  +  RD^.  (24) 

A  number  of  these  expressions  found  for  different  times  and  dis- 
tances can  be  combined  by  applying  the  method  of  least  squares 
and  the  most  probable  values  of  D^  and  D^,  the  specific  diffusion 
rates  can  be  thereby  obtained. 

3.   Work  of  Previous  Investigators. 

A  large  number  of  articles  have  been  published  dealing  with  the 
theory  of  diffusion  or  with  rough  quantitative  measurements  of  it. 
References  to  these  will  be  found  in  the  footnote.*  A  fuller  men- 
tion of  the  recent  more  exact  work  of  Oholm  *  is  however  appro- 
priate, since  his  results  for  the  first  time  show  with  some  degree 
of  accuracy  the  effect  of  integrated  concentration  intervals  on  the 
values  of  the  specific  diffusion  rates. 

His  apparatus  consisted  of  a  cylindrical  tube  about  25  cm.  long 
and  3.5  cm.  in  diameter.  Pure  water  was  run  in  until  it  filled 
three  fourths  of  the  tube,  and  under  this  was  run  a  layer  of  salt  so- 
lution of  known  content  After  standing  for  a  time  the  solution 
was  drawn  off  at  the  bottom  in  four  portions  and  analyzed.  By 
means  of  the  tables  of  Stefan  *  and  Kawalki  *  he  calculated  the  dif- 
fusion-constants for  varying  initial  concentrations  of  his  diffusing 

1  Graham,  Phil.  Trans.,  z,  805,  1850;  483,  1851.  Fick,  Pogg.  Ann.,  9^,  59,  1855. 
Simmler  and  Wild,  Pogg.  Ann.,  loo^  217,  1857.  Graham,  Phil.  Trans.,  75/,  183, 
i86z.  Weber,  Wied,  Ann.,  7,  469,  536,  1879.  Stefan,  Wien.  Akad.,  79,  161,  1879. 
Schaffcr,  Berichte,  z^,  788,  1882;  16,  1903,  1883.  Nernst,  Z.  Phys.  Chem.,  2,  613. 
1888.  Voigtlander,  Z.  Phys.  Chem.,  j,  316,  1889.  Wiedeburg,  Wied.  Ann.,  41,  675, 
1890.  Wiedeburg,  Z.  Phys.  Chem.,  70,512,  1892.  Arrhenius,  Z.  Phys. Chem.,  /o,  51, 
1892.  Bose,  Z.  Phys.  Chem.,  ^9,  658,  1899.  Wiedeburg,  Z.  Phys.  Chem.,  jo,  586, 
1899.    Graham,  Z.  Phys.  Chem.,  50,  257,  1904.    Oholm,  Z.  Phys.  Chem., 50,  309, 1904, 

•Oholm,  Z.  Phys.  Chem.,  50,  309,  1904. 

'Stefan,  Wien.  Akad.,  7g,  161,  1879. 

^Kawalki,  Wied.  Ann.,  5^,  166,  1894. 


Digitized  by 


Google 


No.  3.J      DIFFUSION  OF  SALTS  IN  AQUEOUS  SOLUTION  I  55 

solution.  He  found  the  same  gradation  in  their  values  that  others 
had  found,  and  believed  it  to  be  mainly  due  to  the  change  in  disso- 
ciation, but  not  entirely,  since  he  found  that  after  a  certain  concen- 
tration was  reached  the  value  of  the  diffusion -constant  increased 
with  increasing  concentration.  This  could  be  accounted  for  by 
consideration  of  Van  der  Waals'  equations.  He  also  came  to  the 
conclusion  that  the  temperature-coefficient  was  equal  to  the  sum  of 
the  coefficients  of  osmotic  pressure  and  electric  conductivity,  as  the 
kinetic  theory  requires.  By  considering  measurements  of  internal 
friction  he  came  to  the  conclusion  that  the  internal  friction  of  the 
molecule  was  greater  than  that  of  the  ion,  but  slightly  less  than  that 
of  the  sum  of  the  ions.  He  also  checked  Nernst's  formula  almost 
exactly. 

4.  Experimental  Method  Used  in  the  Investigation. 
In  order  to  approach  the  ideal  conditions  of  diffiision  in  one  direc- 
tion only,  these  experiments  were  carried  on  in  a  cylindrical  tube 
held  in  a  vertical  position  so  that  the  direction  of  motion  of  the 
solute  was  opposite  to  the  force  of  gravity.  It  was  found  by  calcu- 
lation from  known  values  of  diffiision  that  the  force  exerted  by 
gravity  is  negligibly  small  compared  with  that  exerted  by  osmotic 
pressure,  and  hence  as  a  direct  force  it  would  not  enter ;  ^  but  if  the 
tube  were  not  perpendicular,  as  the  solute  diffiised  there  would  be 
produced  by  gravity  a  density-gradient  in  a  direction  different  from 
that  along  the  axis  of  the  tube,  making  measurement  uncertain. 

1  As  seen  in  equation  (7)  the  osmotic  force  acting  upon  one  fonnttla  weight  of  salt  is 
equal  to  FTJC'  dcjdx.     Assuming  the  general  solution 

c  =  Ca  I  I —  f  r-^du       where    11=  — —z. 

"L         v/ir^'o  J  2y/Kt 

and  assuming  values  of  K^  x  and  /  which  will  make  dcjdx  smaller  than  that  found  at  any 
place  used  in  our  measurements,  that  is,  K=r  i,  ^=249,  x  =  8,  we  obtain 

Osmotic  force  =  if  7*= ^^— ^=o.iaIiT=iy,i(Mjnta. 


['-^S^"] 


The  force  of  grayity  on  one  formula  weight  or  504  grams  of  Tl^SO^  is  504  X  9^  =  4*94 
X  lo^  dynes  ;  and  taking  into  account  the  buoyancy  of  the  water  the  effective  force  would 
become  considerably  less  than  this. 
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From  the  values  of  the  diffusion-constants  already  determined  by 
other  investigators,  it  was  found  by  calculation,  assuming  equations 
(3)  and  (4),  that  after  three  months*  time  the  concentration  of  solute 
at  a  distance  of  50  cm.  from  the  foot  of  the  tube  would  be  less  than 
o.  I  per  cent,  of  that  at  the  bottom.  Hence  within  the  limits  of  error 
of  the  experiment  a  tube  50  cm.  high  would  act  as  if  it  were  infinite 
in  length.  The  lower  end  of  the  tube  contained  solid  salt  so  that 
the  concentration  there  was  that  of  the  saturated  solution,  while,  by 
starting  with  pure  water  throughout  the  whole  length  of  the  tube,  the 
other  end  was  practically  held  at  zero  concentration.  To  determine 
the  concentrations  at  different  points,  pairs  of  platinized  wire  elec- 
trodes were  inserted  at  definite  intervals  along  the  tube  and  the  elec- 
trical conductivity  between  the  electrodes  of  each  pair  was  measured. 
Each  pair  was  in  a  plane  perpendicular  to  the  axis  of  diffusion  ;  and 
the  separate  wires  were  near  enough  together  so  that  the  conductivity 
measured  was  that  corresponding  to  the  concentration  at  the  mean 
distance  of  the  electrode  pair  from  the  lower  end  of  the  tube,  or  from 
^he  plane  of  the  solid  salt.  If  the  two  electrode  wires  had  not 
been  placed  near  together,  as  there  was  a  concentration-gradient 
across  each  pair  which  was  not  linear,  the  reading  would  have  cor- 
responded to  a  concentration  higher  than  that  present  at  the  mean 
distance  of  the  wires.  In  order  to  ascertain  what  error  was  intro- 
duced into  the  calculation  by  the  assumption  that  the  mean  distance 
of  the  electrode  pair  was  that  corresponding  to  the  conductance  or 
concentration  measured,  an  experiment  was  made  in  which  the 
upper  level  of  a  column  of  uniformly  conducting  solution  within  the 
tube  was  lowered  until  the  electrode  pair  was  nearly  uncovered.  It 
was  found  when  the  upper  level  of  the  solution  was  one  millimeter 
above  a  pair  of  wires  4  mm.  apart,  that  the  conductance  between 
the  wires  was  about  thirty  per  cent,  less  than  that  found  when  the 
tube  was  full.  By  a  calculation  assuming  formula  (4)  we  see,  if 
ar=  10,  Ar=s  i,/=  25,  and  therefore  «=  i.oothat  c^  0.1574^^,.  If 
x^  10.3  and  9.7  the  values  of  c  at  those  points  are  0.1452^^,  and 
o.i7oi^Q,  respectively.  As  for  such  a  small  change  in  concentration 
the  rate  of  change  of  dissociation  with  the  concentration  can  be  consid- 
ered a  constant,  the  average  of  the  conductances  at  the  points  10.3 
and  9.7  will  correspond  to  the  average  of  their  concentrations.    This 
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latter  will  be  o.  1 576^^  or  will  correspond  to  point  ;rs=s  9.994  instead 
of  ;r=  10.000.  This  would  make  an  error  of  0.06  of  a  millimeter ; 
but,  as  the  distances  between  the  electrodes  at  the  best  cannot  be 
determined  closer  than  o.i  millimeter,  this  error  is  negligible.  This 
deviation  moreover  would  be  in  the  same  direction  for  all  the  elec- 
trodes and  would  in  this  way  tend  to  eliminate  itself  in  the  calcula- 
tions after  the  experiment  has  proceeded  for  a  considerable  time,  and 
even  more  so  if  the  wires  were  placed  nearer  together. 

It  was  decided  to  carry  on  the  experiments  in  a  tube  about  50 
cm.  long  and  5  cm.  in  diameter ;  but,  as  it  was  thought  impractic- 
able to  insert  the  electrodes  through  such  a  large  tube,  a  smaller 
one,  1.5  cm.  in  external  diameter,  was  placed  at  the  axis  of  the  large 
tube  holding  the  electrodes  and  containing  the  lead  wires  \vithin  it. 
To  seal  in  such  large  wires  as  it  would  be  necessary  to  use  would 
result  in  protuberances  that  would  cause  large  deviations  in  the 
cross-section  of  the  tube ;  so  holes  3  mm.  apart  and  i  mm.  in  diam- 
eter, just  large  enough  to  pass  the  wire  through,  were  bored  in  the 
small  tube  by  means  of  a  diamond  and  the  whole  held  firmly  in  place 
by  filling  the  small  tube  with  a  mixture  consisting  of  95  per  cent, 
shellac  and  5  per  cent,  ceresin. 

This  mixture  was  found  the  most  suitable  of  several  which  were 
tried.  Paraffin  although  the  best  insulator  was  not  firm  enough 
at  30^  to  keep  the  electrodes  in  place  and  at  that  temperature  it 
slowly  flowed  out  between  the  glass  and  the  electrodes,  so  cover- 
ing the  latter  as  to  change  the  cell-constants.  No  other  pure  hydro- 
carbon seemed  satisfactory,  as  none  would  stick  sufficiently  to 
the  glass  to  prevent  the  formation  of  an  annular  space  between  the 
glass  and  the  body  of  the  filling  material,  when  the  tubes  were 
allowed  to  cool.  Rosin  in  itself  is  too  brittle ;  but  when  mixed 
with  a  little  paraffin  it  is  still  firm  and  adheres  to  glass  very  well, 
giving  fair  results.  It,  however,  is  slowly  attacked  by  water,  thus 
allowing  the  solution  to  work  its  way  into  the  small  tube  and  around 
the  electrodes  and  lead  wires.  Gum  shellac  seemed  to  have  the 
best  adhesive  properties ;  and,  when  mixed  with  about  5  per  cent, 
of  a  high  melting  paraffin  like  ceresin,  it  sticks  firmly  to  the  glass, 
does  not  flow,  and  is  attacked  very  slightly  by  boiling  water.  This 
shellac  was  prepared  from  the  commercial  gum  shellac  by  first  dis- 
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solving  it  in  alcohol,  filtering,  and  then  precipitating  by  adding 
water  to  the  alcoholic  solution.  This  it  was  believed  would  throw 
down  only  that  portion  very  insoluble  in  water.  To  further  obvi- 
ate, as  far  as  possible,  any  error  which  might  result  from  the  solu- 
bility of  the  shellac,  the  precipitate  from  the  alcohol -water  solution 
was  boiled  repeatedly  with  conductivity  water  until  a  water  solution, 
containing  one  fourth  of  its  volume  of  shellac,  showed  a  rise  in  spe- 
cific conductance  of  only  2  or  3  x  I0~*  reciprocal  ohms  after  heat- 
ing for  about  two  or  three  hours  upon  a  steam  bath.  As  the  only 
shellac  surface  exposed  during  a  diffusion  experiment  was  that 
between  the  wires  and  the  glass,  and  as,  by  way  of  further  precau- 
tion this  space  was  filled  as  far  as  practicable  with  ceresin,  it  is 
believed  that  very  little  contamination  came  from  this  source. 

The  electrode  wires  were  one  millimeter  in  diameter  and  extended 
about  one  centimeter  beyond  the  outer  surface  of  the  inner  tube. 
The  distance  between  the  two  wires  of  a  single  pair  was  made  about 
3.0  mm.  The  distances  between  the  successive  electrode  pairs 
were  measured  by  a  cathetometer  to  o.i  mm.  Although  the 
attempt  was  made  to  bore  the  two  holes  for  a  single  pair  of  electrodes 
in  a  plane  perpendicular  to  the  axis  of  the  tube,  this  was  not  always 
fully  successful,  so  the  distance  of  an  electrode  pair  was  taken  as 
the  mean  distance  of  upper  and  lower  points  of  both  ends  of  both 
wires.  This  allowed  for  all  deviations  in  the  position  of  the  wires 
provided  they  were  approximately  parallel  to  each  other  and  per- 
pendicular to  the  tube.  The  large  outer  tubes  were  calibrated  with 
mercury  to  determine  any  deviations  in  cross-sections ;  but  the 
variation  was  so  small  that  it  gave  rise  to  an  error  of  less  than  0.2 
per  cent,  and  was  therefore  neglected.  This  small  variation  was 
secured  by  selecting  tubes  that  showed  less  than  o.  i  mm.  variation 
in  diameter  in  10  cm.  length.     All  tubes  were  of  Jena  glass. 

For  fear  that  a  definite  line  of  saturated  solution  would  not  be 
maintained  at  the  bottom  of  the  tube,  holes  were  bored  through  the 
outer  tube  so  that  their  tops  were  level  with  the  lowest  pair  of 
electrodes.  The  lower  end  of  the  tube  was  then  placed  in  a  beaker 
containing  a  saturated  solution  and  a  large  excess  of  solid  salt  above 
the  line  of  holes,  thus  keeping  by  gravity  a  saturated  solution  at  the 
line  of  the  lowest  electrodes,  from  which  line  the  distances  along 
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the  tube  were  measured.     The  top  of  the  beaker  was  closed  air- 
tight by  melting  into  it  a  mixture  of  rosin  and  paraffin. 
The  elevation  of  one  of  the  tubes  is  shown  in  Fig.  i. 


EEl 


II 


FIR.  1. 


A  is  the  outer  tube,  B  the  inner  one  containing  the  electrodes  E^ 
and  C  a  slate  block  serving  as  commutator  and  containing  the 
mercury  cups  M  to  which  the  wires  lead  from  the  platinum 
electrodes.  D  is  the  outside  beaker  containing  the  solid  salt  B 
and  saturated  solution  into  which  the  large  outer  tube  A  is 
placed.  /T  shows  the  holes  through  which  the  saturated  solution 
flows  by  gravity  keeping  a  constant  concentration  at  the  plane  of 
their  tops.  Fand  V^  are  vulcanite  blocks  which  hold  the  two  tubes 
and  beaker  in  their  proper  positions.  7^  is  a  tube  for  drawing  off 
the  solution  at  the  start,  PF  is  a  filling  mixture  of  shellac  or  rosin 
and  paraffin,  and  5  is  a  hole  in  the  vulcanite  top  for  the  introduction 
of  pure  water. 

In  making  up  an  inner  tube  the  method  of  procedure  is  as 
follows :  A  Jena  glass  tube  of  very  uniform  diameter  equal  to 
about  1.5  cm.  and  having  comparatively  thin  walls  (about  I  mm.) 
is  selected.     Pairs  of  holes  i  mm.  in  diameter  and  3  mm.  apart  are 
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bored  with  a  diamond  drill  at  distances  approximately  2,  lo,  13, 
16,  19,  22,  25,  and  32  cm.  from  the  end.  These  distances  are 
purely  arbitrary ;  but  the  aim  is  to  have  them  about  3  cm.  apart 
after  the  second  electrode.  The  last  electrode  should  be  so  placed 
that  it  is  in  the  upper  part  of  the  diffusion  apparatus,  and  is  used 
only  as  a  means  of  determining  the  extent  of  any  stirring  and  con- 
tamination, because  no  appreciable  amount  of  salt  can  reach  there 
by  diffusion  until  about  six  weeks  have  elapsed.  Platinum  wires  i 
mm.  in  diameter  and  about  2  cm.  long  are  bent  at  right  angles 
about  the  middle  or  a  little  beyond,  and  insulated  copper  wires  are 
soldered  to  the  shorter  end.  These  electrodes  and  leads  are  then 
put  in  place  beginning  with  the  upper  pair,  by  putting  the  free  end 
of  the  lead  wire  through  the  inner  tube  until  the  electrode  comes 
opposite  to  the  hole  into  which  it  is  desired  to  place  it.  It  is  ad- 
visable before  cutting  the  platinum  wire  to  platinize  it  several  times, 
burning  in  the  black  each  time  in  a  blast  lamp  flame.  This  gives 
a  rough  surface  and  makes  the  final  platinization  more  satisfactory. 

After  all  the  pairs  of  electrodes  are  fastened  in  their  proper  posi- 
tion on  the  outside  by  means  of  screw  clamps,  a  thick  hot  alcoholic 
solution  of  pure  shellac  (without  ceresin)  is  run  into  the  tube  until 
the  inside  of  the  glass  is  thus  coated  with  a  thin  layer  of  the  solution. 
A  current  of  air  is  then  passed  through  the  tube,  evaporating  the 
alcohol  and  leaving  a  thin  layer  of  shellac  on  the  inside  of  the  glass 
and  lead  wires.  This  is  baked  on  in  a  hot  closet  with  frequent 
passage  of  air  and  then  the  process  is  repeated  several  times.  By 
this  means  a  layer  of  shellac  is  formed  on  the  glass  which  does  not 
break  away  when  the  tube  is  cooled.  Finally  the  tube  is  filled  solid 
with  the  melted  mixture  of  shellac  and  ceresin. 

The  clamps  can  now  be  removed  and  the  wires  cleaned  and 
platinized.  In  one  of  the  tubes  a  coating  of  iridium  black  was  put 
on  instead  of  platinum,  as  it  was  found  to  give  a  much  better  min- 
imum in  making  the  conductivity  measurements ;  but  it  is  very  hard 
to  make  the  iridium  black  stick  satisfactorily  and  therefore  platinum 
is  preferable. 

The  wires  from  the  electrodes  are  led  to  a  commutator  block 
consisting  of  eight  pairs  of  mercury  cups  in  a  block  of  slate. 

The  outer  tube  is  ground  flat  on  one  end  and  four  holes  i  cm.  in 
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diameter  are  cut  through  it  in  such  a  manner  that  when  the  two  tubes 
are  fitted  to  the  vulcanite  base,  the  tops  of  the  holes  will  be  in  the 
same  plane  as  the  lower  electrode  pair  of  the  small  tube.  The  vuU 
canite  top  ^  is  also  fitted  and  a  hole  large  enough  to  pass  a  glass 
tube  is  cut  through  it. 

The  two  tubes  are  then  put  together  temporarily,  corking  the 
large  holes  H^  and  the  cell  constants  of  the  electrode  pairs  are 
determined  at  30P  with  a  0.02  normal  solution  of  potassium  chloride 
or  some  other  solution  of  known  conductance. 

In  starting  an  experiment  the  two  tubes  are  fitted  into  the  block 
Fand  into  the  beaker  D  as  shown  in  Fig.  i.  The  lower  end  of 
the  outer  tube  up  to  the  lowest  electrodes  and  the  beaker  about 
half  way  up  are  filled  with  solid  salt.  The  tube  T  is  put  in  place 
and  some  form  of  packing,  such  as  a  rubber  ring,  is  fitted  down 
upon  the  salt,  then  a  melted  mixture  of  shellac  or  rosin  and  paraffin 
is  poured  on  top  of  the  packing  in  order  to  make  the  whole  air- 
tight and  rig^d.  Water  is  added  by  means  of  a  long  tube  through 
5  very  slowly  in  order  to  diminish  stirring ;  and  as  soon  as  a  point 
along  the  tube  is  reached  where  the  added  water  shows  very  low 
conductance,  the  solution  is  drawn  off  at  the  tube  7*,  at  the  same 
time  adding  water  at  the  top  at  an  equal  speed  until  the  lowest 
electrodes  show  only  slight  conductance.  The  tube  T  is  then 
closed,  the  hole  5  is  corked  and  a  shellac  mixture  run  on  top  of  V^ 
to  make  it  tight.  The  time  of  starting  is  taken  when  the  tube  T  is 
shut  off.  The  whole  is  then  placed  in  a  thermostat  held  at  30® 
and  measurements  of  the  conductance  at  each  electrode  pair  are 
made  every  few  days.  It  is  better  if  possible  to  place  the  apparatus 
in  the  thermostat  before  completing  the  drawing  off  and  to  have  the 
pure  entering  water  at  a  little  above  30®. 

The  form  and  arrangement  of  the  thermostat  needs  explanation. 
The  first  experiment  was  made  with  the  diffusion  apparatus  im- 
mersed in  a  large  water  bath  kept  at  constant  temperature  by  an 
electric  heater  and  regulator  which  was  easily  able  to  keep  the 
water  constant  to  within  0.02  or  0.03*^  C.  The  water  level  of  the 
bath  was  kept  about  5  cm.  below  the  top  of  the  outer  tube,  which 
made  it  at  least  5  cm.  above  the  level  of  the  liquid  within  the  tube. 
The  upper  part  of  the  tube  B  led  out  through  the  cover  of  the 
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thermostat  and  the  commutator  block  was  placed  on  top  of  the 
cover  where  it  would  be  dry.  The  experiment  was  started ;  but  it 
was  found  after  a  few  days  that  the  upper  electrodes  showed  a  large 
conductance  and  also  that  they  all  seemed  to  have  about  the  same 
conductance.  The  first  inference  was  that  the  solution  was  being 
contaminated  by  the  dissolving  of  the  glass,  shellac,  etc.,  and  much 
time  was  spent  trying  to  find  some  way  of  making  tubes  made  out 
of  or  coated  with  ceresin  work  successfully.  But  these  seemed  to 
give  the  same  results  and  about  to  the  same  degree.  It  was  finally 
discovered  that  by  keeping  the  lead  wires  at  the  same  temperature 
as  the  thermostat  the  trouble  almost  ceased,  and  therefore  that  the 
contamination  was  due  to  stirring  caused  by  the  conduction  of  heat 
by  the  copper-lead  wires  from  around  the  inner  tube  to  the  outside 
of  the  bath,  thus  producing  a  denser  solution  in  the  region  close  to 
the  electrodes  and  causing  stirring  by  gravity.  This  was  obviated 
by  enclosing  the  lead  wires  and  commutator  block  in  an  air  space 
which  was  also  kept  at  a  constant  temperature  by  a  regulator  and 
heater.  Two  successful  experiments  were  carried  on  in  this  way, 
but  in  the  last  experiment  another  form  of  thermostat  was  used. 
This  consisted  of  an  air  space  60  x  40  x  30  cm.  surrounded  on  five 
sides  with  a  water  jacket  8  cm.  in  thickness  which  was  kept  at  con- 
stant temperature.  The  tubes,  wires,  and  block  were  all  placed  in 
this  air  space  and  the  sixth  side  was  closed  with  double  glass  plates 
separated  by  2  cm.  of  asbestos  feathers,  and  outside  of  all  by  two 
heavy  asbestos  boards.  The  air  within  the  space  was  stirred  by  a 
small  motor  which  ran  intermittently  and  the  temperature  of  the 
surrounding  water  was  kept  just  enough  above  30°  (about  30.15®) 
so  that  the  temperature  within  was  30.00®+  .05.  The  commutator 
block  was  reached  by  a  rod  carrying  properly  spaced  lead  wires  so 
that  after  the  experiment  was  started  the  thermostat  did  not  have 
to  be  opened.  In  this  form  of  thermostat  it  is  to  be  noted  that 
changes  of  temperature  of  the  outer  bath  are  taken  up  so  slowly  by 
the  air  and  by  the  diffusion  tubes,  since  the  air  has  such  a  low  heat- 
capacity,  that  large  changes  of  temperature  in  the  outer  bath  pro- 
duce no  error  by  stirring  in  the  tubes.  On  one  occasion  the  heat- 
ing apparatus  failed  during  the  night  and  the  temperature  fell  about 
10®  ;  but  no  stirring  was  apparent  even  after  the  temperature  had 
been  brought  back  to  30®  again. 
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5.    Experimental  Data. 

Four  series  of  experiments  or  runs  were  carried  out  according  to 
the  procedure  described  in  the  preceding  section.  In  two  of  these 
thallium  sulphate  and  in  two  barium  nitrate  was  used  as  the  diffus- 
ing electrolyte.  These  salts  were  chosen  because  their  solubilities 
were  between  normal  and  tenth  normal,  thus  giving  concentrations 
at  the  electrodes  which  not  only  were  measurable  by  means  of  con- 
ductivity, but  which  also  followed  the  law  of  Storch.^  Two  runs 
were  started  on  each  substance  in  order  to  test  the  abih'ty  of  the 
method  to  give  concordant  results.  In  the  second  run  on  each 
substance  the  air  bath  form  of  thermostat  was  used  in  order  to 
eliminate  if  possible  the  stirring  which  was  evident  in  the  first  ex- 
periments. On  account  of  a  slight  leak  in  the  second  tube  with 
barium  nitrate  the  results  with  it  were  not  satisfactory  and  are  not 
given  below. 

In  Table  I.  are  given  the  distances  of  each  pair  of  electrodes 
from  the  bottom  and  their  cell-constants  determined  both  before 
and  after  each  run.  These  cell-constants  were  determined  by 
measuring  in  the  tube  at  30°  a  0.02000  normal  potassium  chloride 
solution  made  up  at  18*^.  The  value  of  the  specific  conductance 
of  potassium  chloride  was  taken  as  0.003036  reciprocal  ohms. 

In  Tables  II.,  III.  and  IV.  are  given  the  actual  conductances 
during  the  diffusion  experiments  measured  at  the  different  elec- 
trodes at  the  times  indicated.  The  times  are  expressed  in  days  and 
fractions  of  a  day.     The  electrode  distances  are  in  centimeters. 

In  order  to  determine  what  correction  must  be  applied  to  the 
actual  conductance  on  account  of  the  contamination  to  the  solution 
from  the  glass,  electrodes,  shellac,  etc.,  a  blank  run  was  made  for 
two  months  using  conductivity  water.  The  increase  in  specific 
conductance  in  30  days  was  found  to  be  about  6  to  8  x  10"*  recip- 
rocal ohms.  This  value  did  not  seem  to  increase  much  for  the 
next  30  days.  In  the  first  thallium  sulphate  run  no  attempt  was 
made  to  correct  for  the  slight  stirring  which  apparently  occurred 
because  it  was  impossible  to  tell  how  far  down  the  tube  it  extended. 
In  the  second  run  between  the  times  4.29  and  7.25  the  thermostat 
had  to  be  opened  and  some  stirring  resulted.     In  this  case  it  was 

>Loc.  cit. 
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corrected  for  because  it  seemed  to  be  uniform  along  the  whole  tube. 
In  Table  V.  the  corrections  applied  to  the  specific  conductance  are 
given  and  in  Tables  VI.,  VII.  and  VIII.  are  given  the  final  corrected 
values  of  specific  conductance  used  in  the  calculations. 

In  order  to  determine  the  constants  in  the  concentration  law 
c^^Kc^y  series  of  measurements  of  conductance  were  made  upon 
the  two  salts  at  30°. 

If  for  c^  and  c^  are  substituted  their  values, 


^>-^(]-i)  *"^ 


f. =-i 


the  above  expression  changes  to ' 


I 
A 


I 


K 


(L)-^ 


in  which  L  and  A  are  the  specific  and  equivalent  conductances  at 
corresponding  concentrations,  A^  the  equivalent  conductance  al  zero 
concentration  and  K  and  n  empirical  constants.  By  applying  the 
following  conductance  values  to  this  equation  and  solving  several 
simultaneously  not  only  were  K  and  n  calculated  but  also  A^, 
This  seems  to  be  the  best  method  to  determine  A^  as  the  solutions 
used  are  dilute  and  the  law  holds  to  as  great  dilution  as  measure- 
ments can  be  made  accurately. 


Concentration. 

T1.80,. 

Ba(NO,). 

A  Pound. 

ACalc. 

A  Pound. 

ACalc. 

O.8SSOI 

61.8 

67.1 

0.24S8« 

90.7 

87.7 

0.1000 

104.8 

104.6 

100.6 

100.6 

O.OSOO 

116.9 

117.3 

110.3 

110.4 

0.02000 

132.4 

132.4 

.121.6 

121.7 

0.01000 

142.3 

142.2 

128.0 

128.6 

0.004000 

1S2.4 

1S2.4 

13S.8 

13S.6 

0.002000 

158.4 

158.2 

139.4 

139.4 

Ao 

173.4 

149.8 

ft 

1.5S 

1.S3 

K 

3.079 

2.0S2 

»Sat.  Sol.  Ba(NO,),. 


»Sat.Sol.Tl,S04. 
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Table  I. 

Valuei  of  Cell  Constants,     ThaUium  Sulphate.     Run  No,  1. 


Bl«ctrod« 
Distance. 

8.18 

11.40 

M-as 

17.31 

M.99 

n-n 

33.95 

Cell  Constant 
before  Run 
Alter  Run 

1.092 
1.101 

0.9738 
0.9795 

1.044 
1.043 

0.8774 
0.8788 

0.9137 
0.9124 

0.9007 
0.9000 

0.7504 
0.7511 

Thalliuki  Sulphate,     Run  No,  2. 

Slectrode  Distance. 

X1.13 

13.98 

17.04 

ao.ot 

SS.94 

39.g8 

Cell  Constant  before 

Ron 
After  Run 

0.9694 
0.9743 

1.035 
1.038 

0.8718 
0.8748 

0.9097 
0.9099 

0.9001 
0.8991 

0.7501 
0.7543 

Barium  Nitrate,     Run  No  1. 


Blectrods  Distance.         8.5s 

X1.63 

14.69 

17.80 

S0.78 

30.80 

Cell  Constant  before 

Run 
After  Run 

1.003 
1.007 

0.9160 
0.9111 

0.9162 
0.9166 

0.7554 
0.7571 

0.8778 
0.8758 

0.9346 
0.9404 

Table  IL 

ThaUium  Sulphate.     Run  No,  1.      Values  of  Actual  Conductance,     Reciprocal 

Ohms  X  10«. 


Electrode  Distance. 

Time 

8.s^ 

X1.40 

i4.a5 

17.31 

ao.99 

93.ax 

33.95 

0.00 

12 

14 

10 

6 

4 

4 

3 

2.00 

30 

15 

11 

7 

5 

6 

4 

4.88 

641 

80 

12 

7 

5 

6 

5 

8.00 

1,882 

476 

82 

15 

8 

8 

7 

14.00 

4,454 

1,821 

585 

181 

24 

19 

17 

17.67 

5,186 

2,702 

1,064 

432 

115 

'  27 

22 

20.84 

5,998 

3,427 

1,509 

711 

223 

41 

41 

24.87 

6,798 

4,251 

2,080 

1,119 

429 

140 

58 

27.72 

7,340 

4,817 

2,493 

1,433 

594 

217 

74 

30.75 

7,796 

5,334 

2,896 

1,739 

799 

353 

87 

33.61 

8,206 

5,795 

3,273 

2,107 

1,009 

471 

132 

36.11 

8,513 

6,169 

3,587 

2,405 

1,199 

583 

149 

38.89 

8,890 

6,594 

3,936 

2,726 

1,418 

729 

169 

42.06 

9,219 

6,988 

4,296 

3,080 

1,672 

912 

209 

45.07 

9,515 

7,358 

4,625 

3,409 

1,914 

1,083 

250 

48.13 

9,811 

7,725 

4,952 

3,745 

2,168 

1,268 

342 

SL07 

10,010 

8,004 

5,222 

4,033 

2,392 

1,431 

365 

52.71 

10,210 

8,230 

5,406 

4,219 

2,533 

1,536 

390 
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Table  III. 

Thaliium  Sulphate.^    Run  No,  2,     Values  of  Actual  Conductances, 
Reciprocal  Ohms  X  lO*. 


Electrode  Distence. 

Time,  Days. 

XX.  X3 

i3.g8 

X7.04 

ao.M 

n.M 

3a.g8 

0.00 

23 

13 

10 

5 

7 

5 

4.29 

81 

16 

15 

10 

13 

12 

7.2s 

314 

30 

34 

27 

29 

32 

10.24 

942 

206 

48 

31 

32 

35 

16.25 

2,393 

873 

346 

88 

38 

43 

22.08 

3.730 

1,693 

863 

306 

116 

50 

27.26 

4,798 

2,444 

1.435 

599 

262 

59 

31.02 

5,448 

2,954 

1.864 

852 

405 

68 

36.07 

6,258 

3,624 

2,471 

1,237 

644 

80 

41.32 

6,977 

4,232 

3,061 

1,646 

,      920 

97 

46.38 

7,593 

4,809 

3,633 

2,063 

1,223 

149 

50.00 

7,986 

5,176 

4,022 

2,357 

1,445 

205 

Table  IV. 

Barium  Nitrate,   Run  No,  /.      Values  of  Actual  Conductance, 
Reciprocal  Ohms  X  10». 


Electrode  Distance. 

Time 

8.S1 

XX.63 

i4.«9 

17.80 

«.78 

30.80 

0.00 

18 

22 

8 

7 

6 

4 

3.06 

225 

37 

23 

26 

13 

10 

6.75 

2,716 

446 

72 

41 

22 

17 

9.91 

5,825 

1,552 

312 

48 

29 

23 

13.95 

9,450 

3,695 

1,022 

267 

55 

35 

17.19 

11,960 

5,391 

1,859 

593 

122 

47 

19.83 

13,820 

6,913. 

2.711 

1,041 

259 

56 

22.75 

15,610 

8,482 

3,687 

1.622 

443 

81 

25.15 

16,850 

9,694 

4,522 

2,171 

664 

92 

27.93 

18,230 

11,080 

5,495 

2,867 

977 

108 

30.90 

19,530 

12,430 

6,539 

3,659 

1,352 

135 

34.00 

20,690 

13,750 

7,602 

4,533 

1,793 

169 

37.06 

21.850 

14.990 

8,644 

5,428 

2,273 

256 

The  unit  of  concentration  was  taken  one  equivalent  per  liter. 
The  values  oi  A  must  therefore  be  divided  by  1,000  when  used  in 
the  equations.  The  values  given  in  columns  2  and  4  are  the  means 
of  several  independent  determinations  which  agreed  among  them- 
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Table  V. 

Correction  to  Specific  Conductances  for  Initial  Conductance,  and  Contamination. 
Reciprocal  Ohm  X  10*.     Thallium  Sulphate.     Run  No.  1. 


Electrode 
Dletance. 


After  25  days 
After  50  days 


8.t8 


15 
19 


XX.40 


16 
20 


X4.SS 


13 

17 


17.31 


10 
14 


8 

12 


S9.SX 


8 

12 


33.05 


7 

12 


Thallium  Sulphate.     Run  No.  2. 

Electrode  Diataaco. 

11.13 

13.9B 

17.04 

10.0a 

n.94 

3S.9B 

After  20  days 
After  50  days 

31 
33 

27 
29 

28 
30 

26 
28 

27 
29 

25 
27 

Barium  Nitrate.     Run  No.  1. 

Electrode  Diataace. 

•.5« 

11.63 

14.69 

17.80 

•0.78 

30.80 

After  20  days 
After  40  days 

36 

45 

32 
34 

16 
18 

10 
12 

8 
10 

6 
8 

Thallium  Sulphate. 


Table  VI. 

Run  No.  1.     Corrected  Values  of  Specific  Conductances. 
Reciprocal  Ohms  X  10*. 


Electrode  Diataace. 

Time 

8.98 

11.40 

I4.S5 

17.31 

eo.ag 

e3.ax 

33.t5 

0.00 

0 

0 

0 

0 

0 

0 

0 

2.00 

20 

11 

0 

0 

0 

0 

0 

4.88 

688 

64 

2 

0 

0 

0 

0 

8.00 

2,043 

448 

74 

6 

1 

0 

0 

14.00 

4,853 

1,758 

598 

11 

9 

6 

5 

17.67 

5»652 

2,616 

1,100 

370 

98 

23 

9 

20.84 

6,540 

3,322 

1,563 

615 

197 

30 

25 

24.87 

7,439 

4,136 

2,158 

972 

383 

118 

37 

27.72 

8,037 

4,690 

2.589 

1,249 

535 

188 

49 

30.75 

8,542 

5,196 

3,010 

1,517 

722 

310 

58 

33.61 

8,996 

5,648 

3,403 

1,839 

913 

415 

92 

36.11 

9,334 

6,015 

3,730 

2,101 

1,086 

516 

104 

38.89 

9,750 

6,431 

4,094 

2,383 

1,286 

647 

119 

42.06 

10,118 

6,819 

4,469 

2,693 

1,517 

811 

148 

45.07 

10,446 

7,183 

4,812 

2,981 

1,739 

965 

179 

48.13 

10,770 

7,542 

5,153 

3,277 

1,969 

1,130 

247 

51.07 

11,000 

7,819 

5,434 

3,529 

2.174 

1,277 

264 

52.71 

11,220 

8,041 

5,626 

3,691 

2,301 

1,377 

281 
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Table  VII. 

Thallium  Sulphate^    Run  No,  2.     Corrected  Value  of  Specific  Conductance, 
Reciprocal  Ohms  X 10*. 


Electrode  Distance. 

Time. 

X1.X3 

13.98 

17.04 

90.09 

»-94 

3«.9B 

0.00 

0 

0 

0 

0 

0    . 

0 

4.29 

52 

0 

0 

0 

0 

0 

7.25 

274 

5 

2 

2 

2 

2 

10.24 

883 

186 

15 

3 

3 

3 

16.25 

2,290 

878 

274 

56 

8 

8 

22.08 

3,595 

1,728 

726 

252 

78 

13 

27.26 

4,635 

2,505 

1.224 

519 

209 

20 

31.02 

5,265 

3,032 

1,599 

748 

336 

25 

36.07 

6,052 

3.727 

2.128 

1.099 

551 

34 

41.32 

6,751 

4.354 

2,643 

1.470 

799 

46 

46.38 

7,349 

4.953 

3,141 

1,849 

1.071 

85 

50.00 

7,731 

5.333 

3.481 

2.117 

1,281 

128 

Table  VIII. 

Barium  Nitrate,     Run  No,  1.     Correeted  Values  of  Specific  Conductance, 
Reciprocal  Ohms  X  W. 


Time. 

Electrode  Dietance. 

«.5» 

X1.63 

14.69 

X7.80 

eo.76 

90.80 

0.00 

0 

0 

0 

0 

0 

0 

3.06 

203 

10 

7 

2 

f           2 

2 

6.75 

2,706 

374 

54 

20 

9 

8 

9.91 

5,832 

1,390 

271 

27 

17 

14 

13.95 

9,510 

3,254 

921 

192 

40 

27 

17.19 

12,040 

4,893 

1,687 

438 

99 

39 

19.83 

13,880 

6,284 

2,468 

778 

219 

49 

22.75 

15,670 

7,713 

3,363 

1,217 

380 

71 

25.15 

16,920 

8,814 

4,127 

1,632 

573 

80 

27.93 

18,310 

10,067 

5,020 

2,158 

847 

95 

30.90 

19,620 

11,296 

5,976 

2,757 

1,174 

119 

34.00 

20,800 

12,526 

6,950 

3,420 

1,560 

151 

37.06 

21,970 

13,630 

7,905 

4,098 

1,980 

233 

selves  to  o.  i  per  cent.  The  values  in  columns  3  and  5  are  those 
calculated  from  the  values  of  A^,  «,  and  K  given  and  are  seen  to 
correspond  closely  to  those  found  for  all  values  between  o.io  nor- 
mal and  zero  concentration  but  do  not  correspond  for  the  saturated 
solution.     As  the  equation  is  used  only  in  its  differential  form,  and 
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the  difTusion  values  are  computed  by  means  of  concentrations  be« 
tween  0.2  and  o.oi  normal,  it  is  not  necessary  that  the  formula 
should  hold  beyond  that  range ;  but  as  the  value  of  A^  serves  to 
determine  the  dissociation  we  have  made  our  formula  correspond 
more  exactly  to  the  values  for  the  dilute  solutions  than  to  those  for 
the  more  concentrated  ones. 

6.  Calculation  of  Diffusion  Constants. 
In  equation  (23)  the  unknown  quantities  are  the  two  constants 
Z>i  and  D^  and  the  three  variables  dUdt,  dLjdx,  ^Ljdx^.  These 
variables  are  to  be  determined  empirically  from  our  measurements 
for  each  time  at  each  electrode  along  the  tube.  An  attempt  was 
made  to  do  this  graphically,  but  the  errors  that  would  arise  in  get- 
ting a  second  derivative  by  plotting  were  too  great ;  so  they  were 
determined  analytically.  In  doing  this,  it  was  found  most  con- 
venient to  obtain  empirical  expressions  for  each  time  of  measure- 
ment which  would  include  all  electrode-distances,  and  expressions 
for  each  electrode-distance  which  would  include  all  times.  By  dif- 
ferentiating these  expressions  the  derivatives  dL\dt,  dLjdx^  ^Ljd^f 
for  each  time  at  each  electrode  were  obtained.  The  form  of  expres- 
sion found  to  be  most  satisfactory  was 

where 

L  =  specific  conductance  at  any  point  x  and  any  time  /, 
L^  s  specific  conductance  calculated  to  correspond  to  the  point 
AT  =  o,  which  is  nearly  that  of  the  saturated  solution. 

a  +  fix  ,  ^. 

«  =  r  +  — ^.  (26) 

a,  fi,  and  f  are  empirical  constants  found  by  trial  to  satisfy  equation 

(25) 

X  SB  distance  above  the  level  of  the  saturated  solution. 
/  as  time  of  diffusion. 

In  the  equation  (25)  the  value  of  L^  is  not  the  actual  value  of  the 
specific  conductance  in  the  saturated  solution,  but  is  the  conductance 
which  a   saturated  solution  would    have  if  the  formula  c^  =  Kc^ 
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held  over  the  whole  range.     It  is  therefore  in  reality  nothing  more 
than  an  additional  empirical  constant. 

When  the  separate  expressions  were  computed  for  thallium  sul- 
phate, it  was  found  that  a  general  expression  of  similar  form  could 
be  made  which  would  satisfy  all  the  conductance  values.  In  fact 
this  expression  could  be  reduced  to  equation  (25)  where 

«-^ 


(27) 


or 


(28) 


and  the  values  of  L  computed  from  this  formula  checked  those 
measured  with  an  average  deviation  less  than  0.2  per  cent  In  the 
second  run  on  thallium  sulphate  (27)  was  used,  while  in  the  first 
run  (28)  ^  was  used,  although  an  expression  similar  to  (27)  satisfied 
the  values  of  L  almost  as  closely.  In  the  barium  nitrate  run  the 
check  was  not  so  good  and  deviations  as  much  as  0.8  per  cent, 
were  apparent  at  the  electrode  at  the  distance  8.52.  This  is  not 
surprising  because  the  conductance  values  of  barium  nitrate  may 
have  some  doubt  cast  upon  them  from  the  fact  that  on  some  of  the 
electrodes  after  the  diffusion  there  was  found  to  be  some  plant 
growth.  This  may  have  influenced  the  cell  constant  values,  as  it 
would  naturally  have  become  dislodged  when  the  tube  was  cleaned 
and  the  cell  constants  redetermined.  Yet  the  values  of  diffusion- 
constants  cannot  be  effected  more  than  a  few  per  cent,  when  a  mean 
of  all  the  values  is  taken. 

The  values  of  y  and  j9  are  as  follows  :   - 


T1.80, 

BaNo, 

y 

|8 

t 

^ 

First  Run 
Second  Run 

0.0181 
0 

0.4129 
0.4128 

0 

0.4358 

^0 

0.02155 

0.05735 

By  the  help  of  equation  (25),  our  general  differential  equation  (25) 
can  be  somewhat  simplified  by  finding  expressions  for 

^  Equation  (28)  is  the  same  as  (26)  as  the  expression  a  -|-  /3x  can  be  put  in  the  form 
x'  by  adding  a  constant  quantity  to  each  value  of  x. 


Digitized  by 


Google 


No.  3- J         DIFFUSION  OF  SALTS  IN  AQUEOUS  SOLUTION.  171 


dL 

dt' 
dL 


J^. 


-•[-;fe-f]-.[-f.-?(-*)] 


;*' 


du  1 
dx\ 


M-^,'-U 


3*L 
dx* 


^[-^^A-(-)|]-^[f.?-4 


Substituting  these  values  in  equation  (25)  we  obtain  as  our  working 
equation 

<*=9P......,<.^,[..<^)(^.-)].    (3.) 

All  the  quantities  in  this  equation  are  either  known  or  can  be 
computed  from  the  data  except  D^  and  D^ ;  hence  we  can  write 

P~  QD^  +  RD„  (26) 

"^ — ^^;^^' 

Table  IX. 

VdlufS  of  P^  Q  and  Rfor  Thallium  Sulphate.     Run  No,  1. 
Values  of  P, 


Electrode  Dletaace. 

Time,  Days. 

8.38 

ix^ 

14.315 

17.31 

•0.39 

24.87 

1.854 

2.230 

2.469 

2.680 

27.72 

1.789 

2.168 

2.411 

2.617 

30.75 

1.726 

2.106 

2.353 

2.554 

33.61 

1.674 

2.053 

2.303 

2.513 

2.685 

36.11 

1.632 

2.010 

2.264 

2.477 

2.645 

39.89 

L592 

1.969 

2.223 

2.438 

2.605 

42.06 

1.545 

1.920 

2.178 

2.395 

2.563 

45.07 

1.505 

1.878 

2.137 

2.356 

2.525 

48.13 

1.469 

1.840 

2.100 

2.320 

2.491 

51.07 

1.435 

1.803 

2.064 

2.287 

2.459 

52.71 

1.421 

1.787 

2.047 

2.271 

2.443 
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Values  of  Q=u^ 


24.87 

0.6675 

0.9226 

1.1627 

1.4169 

27.72 

0.6299 

'0.8717 

1.0991 

1.3408 

30.75 

0.5995 

0.8287 

1.0444 

1.2793 

33.61 

0.5732 

0.7930 

0.9984 

1.2166 

1.4350 

36.11 

0.5542 

0.7652 

0.9633 

1.1718 

1.3834 

38.89 

0.5312 

0.7352 

0.9267 

1.1282 

1.3317 

42.06 

0.5115 

0.7085 

0.8915, 

1.0848 

1.2793 

45.07 

0.4940 

0.6839 

0.8612 

1.0481 

1.2351 

48.13 

0.4770 

0.6609 

0.8323 

1.0127 

1.1935 

51.07 

0.4653 

0.6433 

0.8097 

0.9846 

1.1600 

52.71 

0.4541 

0.6295 

0.7947 

0.9674 

1.1404 

Values 

of  R. 

24.87 

1.0500 

0.9858 

0.8399 

0.6430 

27.72 

1.0480 

0.9979 

0.8835 

0.7052 

30.75 

1.0440 

1.0230 

N).9191 

0.7525 

33.61 

1.0390 

1.0330 

0.9462 

0.8002 

0.6311 

36.11 

1.0340 

1.0400 

0.9658 

0.8332 

0.6713 

38.89 

1.0270 

1.0450 

0.9847 

0.8644 

0.7122 

42.06 

1.0210 

1.0470 

1.0000 

0.8958 

0.7526 

45.07 

1.0140 

1.0500 

1.0120 

0.9175 

0.7865 

48.13 

1.0060 

1.0500 

1.0220 

0.9389 

0.8175 

51.07 

0.9998 

1.0490 

1.0280 

0.9541 

0.8416 

52.71 

0.9917 

1.0480 

1.0330 

0.9638 

0.8553 

Q-o, 

Kn 


^»"Z^- 


Table  X. 

Values  ofP,  Q  and  R.     Thallium  Sulphate.     Run  No,  2. 
Values  of  P, 


Time,  Days. 

Electrode  Distance. 

XI.Z3 

13.98 

17.04 

90.09 

22.08 

2.246 

2.484 

2.711 

2.918 

27.26 

2.131 

2.374 

2.595 

2.775 

31.02 

2.054 

2.303 

2.523 

2.696 

36.07 

1.967 

2.224 

2.446 

2.614 

41.32 

1.888 

2.146 

2.372 

2.538 

46.38 

1.820 

2.083 

2.311 

2.478 

50.00 

1.775 

2.039 

2.271 

2.440 
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Values  of  Q  =  u. 

22.08 

0.9777 

1.2370 

1.5018 

1.7830 

27.26 

0.8766 

1.1108 

1.3470 

1.5952 

31.02 

0.8233 

1.0417 

1.2625 

1.4933 

36.07 

0.7626 

0.9636 

1.1674 

1.3800 

41.32 

0.7130 

0.9022 

1.0915 

1.2896 

46.38 

0.6733 

0.8490 

1.0288 

1.2149 

50.00 

0.6489 

0.8178 

0.9895 

1.1692 

Values  ofR, 


22.08 

0.9583 

0.7850 

0.5794 

0.3791 

27.26 

1.006 

0.8754 

0.7001 

0.5087 

31.02 

1.025 

0.9208 

0.7658 

0.5859 

36.07 

1.040 

0.9656 

0.8362 

0.6683 

41.32 

1.047 

0.9954 

0.8892 

0.8720 

46.38 

1.050 

1.0160 

0.9292 

0.8015 

50.00 

1.049 

1.0270     . 

0.9517 

0.8349 

An  equation  of  the  form  of  the  above  was  found  for  each  time 
at  each  electrode  and  the  values  of  P,  Q,  and  R  computed  are  given 
in  Tables  IX.,  X.  and  XI. 


Table  XI. 

Values  of  Pf  Q  and  H  for  Barium  Nitrate, 
Values  of  P, 


Pun  No,  1. 


Electrode  Dietance. 

Time,  Days. 

B.5» 

XX.63 

I4.«9 

Z7.80 

19.83 

2.074 

2.374 

2.565 

22.75 

1.996 

2.311 

2.508 

25.15 

1.937 

2.260 

2.466 

27.93 

1.877 

2.210 

2.422 

2.572 

30.90 

1.819 

2.158 

2.379 

2.530 

34.00 

1.762 

2.108 

2.335 

2.492 

37.06 

1.714 

2.062 

2.298 

2.459 

\ 

Values  of  Q  =  u, 

19.83 

0.8272 

1.1314 

1.4308 

22.75 

0.7746 

1.0583 

1.3372 

25.15 

0.7405 

1.0087 

1.2724 

27.93 

0.7042 

0.9580 

1.2082 

1.4697 

30.90 

0.6716 

0.9123 

1.1490 

1.3980 

34.00 

0.6436 

0.8703 

1.0958 

1.3319 

37.06 

0.6168 

0.8349 

1.0493 

1.2745 
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Values  of  R. 


19.83 

1.290 

1.105 

0.8297 

22.75 

1.305 

1.162 

0.9194 

25.15 

L311 

1.198 

0.9804 

27.93 

1.313 

1.229 

1.0390 

0.7916 

30.90 

1.313 

1.260 

1.0900 

0.8606 

34.00 

1.310 

1.275 

1.133 

0.9243 

37.06 

1.302 

1.288 

1.169 

0.9781 

The  large  number  of  equations  of  form  (24)  corresponding  to 
these  .values  of  P,  Q  and  R  were  then  solved  for  D^  and  D^  by- 
combining  them  in  accordance  with  the  method  of  least  squares. 

In  this  treatment  our  equations  would  be  as  follows,  where  V  is 
the  probable  deviation  : 


Similarly 


Solving  these 


P-QD^^RD^^V, 


dV.  dV.  dV 

V  -— ^  -I-  V  —^  =  2  V-—  =  o 


dV 


2/^(2 -A2i2'-A2e/e=o, 

2P/e  -  D^l.QR  -  D.l.R'  =  o. 
The  numerical  values  of  these  two  latter  expressions  are 

TlaS0«  Run  I. 

106.606  =  47.250Z>,  +  42. 725  A 
102.187  =  42.72SZ>,  +  46.200/?, 
Z?i=  0.765 
/>,  =  1.563 

TIsSOa  Run  a. 

73.825  =^35.967/?,  +  24.844A 
54.382  =  24.844A  +  27.412/?, 
/?,  =  0.797 
/?,  =  1.503 

Ba(N0.),        Run  i. 
59.045  =  28.244/?,  +  28. 184/>i 
62.223  =-  28.184A  +  32.923/?, 
/?,  =  0.688 
/?,  =  1.404 


(30) 

(3-1) 
(32) 

(33) 
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7.    Discussion  of  the  Results. 

The  probable  error  of  D^  and  D^  as  determined  from  the  preced- 
ing equations  by  the  method  of  least  squares  assuming  equal  weights 
for  all  values  is  0.5  per  cent.  This  low  value,  however,  cannot  be 
cited  as  a  measure  of  the  accuracy  of  the  two  constants  for  it  does 
not  take  into  account  any  constant  errors  or  those  that  may  be 
caused  by  inexact  assumptions. 

In  order  to  give  an  idea  as  to  the  direction  and  magnitude  of  the 
possible  variations  in  the  diffusion  constants,  combinations  have 
been  made  of  some  of  the  different  single  equations  (24)  from 
which  the  final  mean  was  derived.  For  this  purpose  Tl^SO^,  run 
no.  2  was  taken  and  values  calculated  for  different  pairs  of  elec- 
trode distances  and  at  different  times.  In  the  following  table  are 
shown  the  values  of  Z^^  and  D^  calculated,  using  the  same  intervals 
of  electrode  distances  and  changing  the  time  and  also  using  the 
same  time  interval  but  taking  values  at  different  distances. 


Times. 

Dlitance  Interval, 
ZX.Z3  to  17.04. 

Distance  Interval, 
Z3.98  to  ao.oa. 

Electrode 
Distance. 

Time  I 
37.96  t 

nterval, 
0  50.00. 

Dx 

^. 

Dx 

D^ 

D^ 

27.26 
36.07 
50.00 

1.508 
1.562 
1.646 

0.804 
0.750 
0.673 

1.470 
1.507 
1.552 

0.846 
0.801 
0.752 

11.13 
13.98 
17.04 
20.02 

1.690 
1.535 
1.492 
1.461 

0.647 
0.762 
0.835 
0.879 

From  the  above  values  it  is  seen  that  the  variations  in  values  of 
Z?j  and  D^  are  regular  and  not  of  such  a  character  as  could  be 
claimed  to  be  due  to  accidental  errors.  In  this  connection  it  is 
also  noticeable  that  D^  and  D^  computed  from  the  two  different 
runs  of  TljSO^  differ  by  about  4  per  cent  and  yet  the  values  of 
conductance  at  the  corresponding  electrodes  differ  but  very  little 
from  each  other.  If  in  the  first  run  the  values  at  the  first  elec- 
trode are  not  considered  it  is  found  that  the  values  of  the  diffusion- 
constants  fall  near  to  those  in  run  no.  2.  This  is  practically  reduc- 
ing the  calculation  to  electrodes  at  the  same  distances  from  the  end 
and  would  seem  to  indicate  that  the  trouble  is  theoretical  in  the 
assumptions.     This  is  also  indicated  by  the  fact  that  when  the  first 
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electrode  of  the  barium  nitrate  tube  is  not  used,  the  values  of  the 
constant  of  the  ion  is  reduced  to  about  1.37. 

What  the  cause  of  these  variations  may  be  is  uncertain,  but  there 
are  many  possibilities.  The  salts  may  dissociate  in  steps  into  inter- 
mediate ions  like  TISO^  and  Tl.  The  mobilities  of  the  ions  may 
change  with  dilution.  The  ions  and  undissociated  portion  may  not 
diffuse  independently  having  a  dragging  influence  one  upon  the 
other.  But  in  any  case  the  effect  is  not  large,  amounting  to  a  few 
per  cent  only. 

Another  fact  worthy  of  mention  is  that  no  matter  whether  the 
diffusion  constants  are  calculated  using  a  few  electrode  distances 
and  times  or  all  of  them,  it  is  always  true  of  the  different  pairs  of 
values  that  the  sum  of  the  two  diffusion  constants  of  any  one  salt 
is  a  constant.     No  explanation  of  this  presents  itself. 

It  is  of  interest  to  see  what  values  are  obtained  for  the  different 
diffusion  constants  of  the  ions  alone  by  the  consideration  of  formula 
(15)  derived  on  page  151.  When  numerical  values  are  inserted  in  this 
formula^  we  obtain  for  thallium  sulphate  and  barium  nitrate, 
respectively, 

84.9  X  88.4  3  , 
/?,  =  0.02243 ^y^-^ —  -  (1.041)  =  1.517, 

A=.  0.02243  ^''^;^^g8^^'^'  \  ('•^^^) = ^-310. 

These  are  seen  to  be  lower  than  the  experimentally  found  ones  for 
the  first  thallium  sulphate  run  and  for  the  barium  nitrate  one  but 
about  the  same  for  the  second  thallium  sulphate  run.  This  is  prob- 
ably due  to  the  fact  that  this  latter  run  was  calculated  using  more 
dilute  solutions  than  the  first  and  would  in  consequence  come 
nearer  to  satisfying  the  theory  than  the  first  in  which  the  fairly 
concentrated  solutions  at  the  electrode  distance  8.28  were  brought 
into  the  calculations. 

Another  calculation  seems  worthy  of  mention.  It  was  found 
that  the  values  of  L  in  formulas  (27)  and  (29)  are  very  nearly  satisfied 
when  j9  =  0.4129  and  ^  =  0.4358  for  thallium  sulphate  and  barium 

^  See  Nernst,  Theoret.  Chemie,  4th  ed.,  p.  367. 
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nitrate,  respectively.  Now  according  to  equations  (5)  and  (6)  if  there 
were  no  undissociated  portion 

This  would  also  hold  true  provided  ions  are  never  transformed  into 
or  produced  out  of  un-ionized  molecules,  since  in  that  case  the  total 
concentration  of  the  ions  at  any  point  is  simply  determined  by  the 
quantity  of  them  that  have  diffused  as  such  to  that  point.  If  a  cal- 
culation is  made  in  this  way  the  values  of />,  are  found  to  be  1.468 
and  1.J16  for  thallium  sulphate  and  barium  nitrate  respectively. 
These,  it  is  seen,  are  very  close  to  the  value  calculated  from  the 
equivalent  conductances  of  the  ions  by  Nemst  equation  (16)  which 
were  7.5/7  ^^^  1-3 10  respectively.  This  agreement  shows  that  the 
assumption  just  stated  in  regard  to  the  non-transformation  of  ion- 
ized and  un-ionized  substance  i3  at  least  approximately  fulfilled,  and 
therefore  that  the  ions  and  un-ionized  molecules  must  diffuse  at  such 
relative  rates  as  will  make  transformation  unnecessary.  Namely, 
between  the  quantities  dN^  and  dN^  of  un-ionized  and  ionized  sub- 
stance passing  a  given  cross-section  in  time  dt^  there  must  evidently 
exist  the  relation  dNJdN^^^CJC^,  if  there  is  to  be  no  transfor- 
mation in  the  adjoining  cross-section.  Now  under  the  assumption 
of  the  independent  diffusion  of  the  two  forms  of  the  salt,  which  has 
been  made  throughout  this  article,  it  is  easy  to  determine  ^he  cor- 
responding relation  which  must  exist  between  the  specific  diffusion - 
rates  D^  and  Z>,  of  the  un-ionized  and  ionized  substance.  Namely, 
since 

dN,  =  -D,^^dt    and    dN,^  - D^-^^dt, 

it  follows  by  division  of  the  first  of  these  equations  by  the  second 
and  combination  of  the  result  with  the  preceding  equation  that 

D,(dcjdx)^      c,  D,      d  log  cjdx 

D^  {dcjdx)  ^  c^     ^^     A  ""  ^  log  ^1/^^* 

Combining  this  result  with  the  concentration-function  expressed  by 
the  equation  c^  =  Kc^  from  which  follows : 

log ^Tj  =*«  log iTj -h  log  AT    and     dXogc^^ndXogc^y 
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we  get  D^  =  Djn,  And  in  fact  this  relation  is  not  very  far  from 
being  fulfilled. 

So  far  the  probability  of  theoretical  errors  existing  in  the  method 
has  been  discussed,  but  before  concluding  that  the  deviations  must 
be  principally  due  to  that  source  it  will  be  well  to  examine  into  the 
possibility  of  experimental  errors.  The  fact  that  a  low  "  probable 
error  "  of  0.5  per  cent  was  obtained  only  indicates  that  equation  (25) 
satisfies  the  data  and  that  such  accidental  errors  as  our  likely  to 
occur  would  make  small  deviations  in  the  final  mean.  This  takes 
no  account  however  of  the  constant  errors  which  would  not  tend  to 
eliminate  each  other  in  the  computation  of  the  mean  and  would  thus 
give  incorrect  values  to  it. 

Five  classes  of  quantities  were  measured  during  the  experiments  : 
the  distances  between  the  electrodes,  the  cell-constants,  the  conduc- 
tances at  each  electrode,  the  time  of  each  measurement  of  conduc- 
tance, and  the  temperatures  both  at  these  times  and  during  the  rest 
of  the  experiment.  Besides  these,  measurements  were  made  by 
which  the  concentration-function  of  each  electrolyte  was  determined ; 
but  these  were  carried  on  according  to  the  usual  Kohlrausch  methods 
for  determining  conductance,  and  the  checks  that  were  obtained 
showed  a  precision  of  o.i  to  0.2  per  cent,  in  the  values  of  conduc- 
tance. Moreover,  the  values  of  conductance  computed  by  the  con- 
centation-function  checked  those  experimentally  found  within  o.  i 
per  cent. 

Without  entering  here  into  a  discussion  of  the  effect  of  errors  in 
these  measured  quantities  on  the  values  of  the  difTusion  constants, 
it  may  be  stated  that  such  a  consideration  shows  that  the  possible 
error  in  each  of  these  measured  quantities  can  hardly  give  rise  to 
an  error  of  more  than  0.2-0.3  per  cent,  in  the  final  values  of  D^ 
the  diffusion-constant  for  the  ions,  so  that  the  combined  effect  of 
all  these  errors  is  not  likely  to  exceed  0.5  per  cent.  A  far  more 
important  source  of  error  is  that  arising  from  a  slight  convection 
which  seems  to  have  been  due  to  minute  temperature  differences, 
such  as  were  caused  in  one  run  by  the  fact  that  the  lead  wires  were 
sometimes  under  a  slightly  different  temperature  from  that  of  the 
bath,  and  in  another  by  the  fact  that  one  side  of  the  air  bath  was 
not  kept  at  exactly  the  same  temperature  as  the  rest  of  it.     This 
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Stirring  was  indicated  by  the  fact  that  more  salt  reached  the  upper 
part  of  the  tube  as  shown  greater  conductances,  when  such  changes 
of  temperature  were  known  to  exist  than  when  the  temperature  was 
known  to  be  constant  throughout.  A  comparison  of  the  two  runs 
with  thallium  sulphate  made  under  dissimilar  conditions  and  show- 
ing quite  different  concentrations  at  the  upper  electrode  leads  to  the 
belief  that  there  may  be  an  error  of  2  or  3  per  cent,  from  this  source  ; 
but,  as  it  is  not  known  whether  it  is  positive  or  negative  and  there 
are  indications  that  it  may  have  a  different  sign  at  different  points, 
the  probabilities  are  that  the  final  mean  values  will  be  in  error  by  a 
smaller  per  cent.  In  view  of  this  experimental  error  it  is  believed 
that  the  precision  of  final  values  of  /?,,  so  far  as  the  experimental 
part  of  the  determination  is  concerned,  can  be  placed  at  2  per  cent 
If  the  trouble  from  stirring  can  be  eliminated  a  precision  of '0.5  per 
cent,  in  the  method  can  be  expected  so  far  as  experimental  errors 
are  concerned. 

8.   Summary  and   Conclusion. 

In  the  foregoing  pages  has  been  described  a  method  for  the 
direct  determination  of  the  specific  diffusion  rates  or  diffusion  con- 
stants of  both  the  undissociated  and  the  dissociated  portion  of  partly 
ionized  substances.  The  method  consists  in  allowing  the  salt  to 
diffuse  upwards  into  a  long  cylindrical  tube  initially  filled  with  pure 
water,  keeping  the  concentration  constant  at  the  lower  end.  The 
concentration  of  the  electrolyte  is  determined  at  different  times  and 
at  different  points  along  the  tube  by  measuring  the  electrical  con- 
ductance between  platinum  wires  arranged  in  pairs  and  placed  at  dif- 
ferent distances  along  the  tube.  Three  runs  were  made,  two 
in  which  thallium  sulphate  and  one  in  which  barium  nitrate  was 
used  as  the  diffusing  substance. 

The  principles  involved  in  the  calculations  are  as  follows  :  Assum- 
ing that  Pick's  law  of  diffusion 

dc 
ox 

applies  both  for  the  ionized  and  un-ionized  portions,  that  is,  assuming 
that  the  diffusion  of  the  ions  and  undissociated  portions  takes  place 
independently,  the  following  differential  equation  lias  been  derived 
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»»which  expresses  the  changes  in  the  concentrations  in  this  tube  with 
respect  to  the  time  and  the  distance  along  the  tube. 

where 

c  =  total  concentration  in  equivalents  per  cubic  centimeter, 

Cy  =  concentration  of  undissociated  portion, 

^,=8  "  "  dissociated  " 

X  =  distance  in  centimeters  along  the  tube  from  the  plane  of 

constant  concentration. 
/  =time   in  days  during  which  the  diffusion  has  been  pro- 
gressing. 
Dy^  and  D^  =  diffusion  constants  for  the  undissociated  and  dis- 
sociated portion  respectively. 
By  means  of  the  empirical  relations  which  exist  between  the  total 
concentration  and  those  of  the  ionized  and  un-ionized  portions 

in  which  K  and  n  are  empirical  constants,  the  above  equation  is 
simplified  to  the  following  one  involving  only  one  independent 
variable  r,, 


+  A[(*-.-)jS  +  ('.-.V.-(fe)')]. 


As  it  was  found  impossible  to  integrate  this  equation  it  was  necessary 
to  determine  c^  and  the  differential  coefficient  dcjdt,  dcjdx^  d^cjd^ 
for  different  points  along  the  tube  at  different  times  and  thus  to  obtain 
expressions  containing  only  D^  and  D^  In  order  to  facilitate  the 
calculations,  advantage  was  taken  of  the  fact  that  the  concentration 
c^  is  proportional  to  the  specific  conductance  L  and  that  the  ratio 
of  the  equivalent  conductance  at  any  concentration  to  that  at  zero 
concentration  is  a  measure  of  the  dissociation.  This  enables  the 
last  equation  to^be  changed  into  one  in  which  the  only  variable 
quantities  are  the  values  ot  L  and  those  of  the  three  differential 


Digitized  by 


Google 


No.  3.]        DIFFUSION  OF  SALTS  IN  AQUEOUS  SOLUTION. 


181 


coefficients  dLjdt,  dL/dx,  ^Lfdj^.  These  values  of  L  and  those  of 
the  diflferential  coefficients  were  determined  from  the  conductance 
measurements  and  equations  were  thus  obtained  for  various  times 
and  distances  in  which  the  only  unknowns  are  D^  and  D^  By 
solving  the  large  number  of  these  equations  simultaneously  by  the 
method  of  least  squares,  the  best  values  of  D^  and  2?,  were  calcu- 
lated. These  were  found  for  thallium  sulphate  and  barium  nitrate 
to  be 


Salt. 

Run. 

/>!                               ^                                />. 

Tl,SO« 
B.(NO,), 

1 
2 

1 

0.77 
0.80 

0.69 

1.56 
1.50 

1.40 

From  these  values  it  is  seen  that  the  rate  of  diffiision  of  the 
undissociated  substance  is  one  half  that  of  the  ionized  portion.  This 
shows  that  the  friction  encountered  by  the  molecule  is  twice  the 
average  of  that  encountered  by  the  two  ions  which  is  in  all  prob- 
ability due  to  the  larger  size  of  the  former. 

In  a  manner  similar  to  that  used  by  Nernst^  an  equation  has 
been  derived  in  which  /?,,  the  diffiision  constant  of  the  ionized 
portion  for  any  salt  dissociated  into  more  than  two  ions  of  any 
valence,  can  be  calculated  from  the  equivalent  conductance  values 
of  the  ions  at  great  dilution.     This  equation  is 

UU 


^,.ja!ry-^{±+') 


U^  and  U^  »  equivalent  conductances  in  reciprocal  ohms  of  anion 

and  cation  at  great  dilution. 
V  and  V  =  valences  of  anion  and  cation. 

CI  e 

ATss  constant  depending  on  units  used  which  has  the  value 
9.854  +  io~*^  when  -S  is  expressed  in  ergs  per  centi- 
grade degree,  and  D^  in  equivalents  per  day. 
The  values  of  D^  calculated  by  means  of  this  latter  formula  are 
1.52  and  1.3 1  for  thallium  sulphate  and  barium  nitrate,  respectively. 
These  values  are  seen   to  correspond  closely  to  those  found  by 
means  of  our  measurements  and  are  a  confirmation  of  the  results 

^Z.  Phys.  Chem.,  2,  613,  1888. 
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of  the  difTusion  experiments  and  of  the  assumptions  involved  in  the 
calculations,  especially  that  the  ions  and  un-ionized  molecules  diffuse 
independently  and  that  the  ionization  is  given  at  least  approximately 
by  the  conductance  ratio. 

If  instead  of  using  the  differential  equation 

it  is  assumed  that  the  equation 

is  applicable,  the  value  of /?,  can  be  found  from  the  solution  of  this 
latter  equation,  that  is,  by  Fourier's  integral, 


^*=(^4^-;ferH' 


The  values  of  D^  found  when  this  assumption  is  made  are  fairly  con- 
stant for  different  values  of  ;ir,  /  and  ^^and  average  1.47  and  1.32  for 
thallium  sulphate  and  barium  nitrate,  respectively.  The  agreement 
between  these  values  and  those  calculated  from  the  Nemst  formula 
(1.52  and  1.3 1)  seems  to  indicate  that  the  assumption  inherent  in 
the  above  formula  is  approximately  true,  that  is,  that  the  concen- 
tration of  ions  at  any  point  is  determined  only  by  the  number  of 
ions  that  diffuse  and  that  there  is  no  formation  of  new  ions  from 
the  undissociated  molecules.  This  evidently  requires  that  the  mols 
of  ions  and  of  undissociated  substance  that  diffuse  through  any  cross- 
section  be  proportional  to  their  respective  concentrations,  that  is,  that 
dNJdN^^cJc^  and  therefore,  that  D^^D^jUy  where  n  is  the 
constant  in  the  empirical  concentration  law  c^  =  Kc^.  The  relation 
D^  =  D^\n  is  not  very  far  from  true ;  which  explains  why  the  simple 
formula  involving  only  the  ionic  concentration  and  diffusion-constant 
gives  a  close  method  of  measuring  the  rate  of  diffusion  of  salts. 

In  this  connection  I  wish  to  express  my  gratitude  to  Dr.  A.  A. 
Noyes  at  whose  suggestion  the  work  was  undertaken  and  by  whose 
constant  interest  and  counsel  it  was  enabled  to  be  successfully  car- 
ried on. 
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THE  APPLICATION  OF  THE  IONIZATION  FROM  HOT 

BODIES  TO  THERMOMETRIC  WORK  AT  HIGH 

TEMPERATURES. 

By  O.  W.  Richardson. 

THE  fundamental  relations  between  the  ionization  from  hot 
bodies  and  their  absolute  temperature  appear  to  be  of  so 
simple  a  character  that  the  possibilities  of  this  phenomenon  for  the 
investigation  and  determination  of  high  temperatures  ought  not  to 
be  lightly  disregarded.  Two  distinct  general  relations  of  this  kind 
have  now  been  discovered  and  have  been  verified  for  a  number  of 
substances  with  varying  degrees  of  exactness.  It  is  true  that  some 
of  the  experimental  results  deviate  considerably  from  the  theoretical 
requirements  but  these  deviations  are  of  such  a  character  as  to  indi- 
cate that  we  have  not  yet  discovered,  or  are  unable  to  regulate,  all 
the  disturbing  conditions,  rather  than  to  throw  doubt  on  the  general 
validity  of  the  formulae.  If  these  effects  are  capable  of  furnishing 
valuable  methods  in  high  temperature  thermometric  work  their 
further  investigation  and  the  investigation  of  such  disturbing  causes 
becomes  a  matter  of  great  practical  importance  as  well  as  of  high 
theoretical  interest. 

The  emission  of  ions  by  hot  bodies  maybe  regarded  as  analogous 
to  the  evaporation  of  a  liquid  or  a  votatile  solid.  This  is  particu- 
larly true  of  the  negative  ions,  the  supply  of  which  appears  to  be 
practically  inexhaustible.  The  number  of  positive  ions  that  a  body 
is  capable  of  giving  off"  diminishes  progressively  with  the  length  of 
time  that  the  body  is  heated.  The  emission  of  positive  ions  would 
thus  appear  to  be  more  closely  paralleled  by  the  escape  of  the  vapor 
of  a  volatile  liquid  from  another  less  volatile  which  had  dissolved  a 
small  amount  of  it.  This  is  evidently  a  more  complex  case  than 
the  former  and  for  that  reason  we  shall  practically  confine  ourselves 
in  what  follows  to  the  phenomena  exhibited  by  the  negative  ioniza- 


Digitized  by 


Google 


1 84  O,    W.  RICHARDSON,  [Vol.  XXVI I. 

tion,  although  it  is  to  be  borne  in  mind  that  many  of  the  properties 
of  the  negative  ionization  are  true,  or  something  very  similar  is 
true,  of  the  positive. 

The  first  method  which  suggests  itself  as  a  possible  way  of  ap- 
plying this  emission  of  ions  to  measure  temperature  has  points  of 
similarity  with  the  application  of  the  measurement  of  the  vapor  pres- 
sure of  a  liquid  for  the  same  purpose.  On  account  of  the  small 
number  of  the  ions  per  cubic  centimeter  which  would  be  in  equi- 
librium with  a  hot  body,  and  for  other  reasons,  we  are  unable  to 
measure  their  vapor  pressure  directly ;  but  we  are  able  to  measure 
a  quantity  which  is  nearly  related  to  this,  namely,  the  number  of  ions 
emitted  by  each  square  centimeter  of  the  hot  body  per  second.  It 
is  shown  in  works  on  the  kinetic  theory  of  gases  that  if  /  is  the 
pressure  of  a  gas  or  vapor  the  number  n  of  molecules  which  leave 
unit  area  of  any  surface  bounding  it  per  second  is  ^3/27r//«ir, 
where  m  is  the  mass  and  c  is  the  square  root  of  the  mean  square  of 
the  velocity  of  the  molecules  of  the  substance  at  the  temperature  in 
question.  An  exactly  similar  relation  holds  for  the  emitted  ions 
and  it  has  been  shown  by  the  author  that  the  number  of  these 
emitted  by  unit  area  of  surface  of  a  hot  body  should  be  con- 
nected with  the  absolute  temperature  9  by  the  simple  formula 

«  =  ^^*^-*/«.^  (i) 

The  quantities  A  and  b  are  constants  possessing  a  definite  physical 
meaning ;  A  is  proportional  to  the  concentration  of  the  system  in- 
side the  metal  which  emit  the  ions  whilst  *  is  a  measure  of  the  work 
done  by  an  ion  in  getting  free  from  the  metal.  The  general  appli- 
cability of  this  formula  has  now  been  abundantly  verified  *  although 
there  remains  a  noticeable  lack  of  agreement  as  to  the  values  of  the 
constants  A  and  b  which  have  been  obtained  by  different  observers. 
This  lack  of  agreement  appears  to  originate  in  the  following  manner. 
The  quantity  b  which  measures  the  work  required  for  an  ion  to 
escape  from  the  metal  seems  to  be  very  sensitive  to  the  minute 
changes  in  the  structure  of  the  surface  of  the  metal  which  either 

»Camb.  Phil.  Proc,  Vol.  II.,  p.  286,  1901. 

«0.  W,  Richardson,  Phil.  Trans.,  A,  Vol.  201,  p.  497,  1903  and  A,  Vol.  207,  p.  I, 
1906.  H.  A.  Wilson,  Phil.  Trans.,  A,  Vol.  202,  p.  243,  1903.  F.  Deiningcr,  Ann. 
der  Phys.,  IV.,  Vol.  25,  p.  285,  1908. 
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occur  with  continued  heating,  or  arise  from  the  expulsion  of  absorbed 
gas,  or  are  due  to  the  absorption  of  gas  from  outside  the  metal.  The 
relative  importance  of  these  different  factoi-s  and  the  best  way  in 
which  the  variability  they  introduce  can  be  eliminated  have  not  yet 
been  fully  worked  out  but  it  is  satisfactory  to  note  that  the  more 
recent  investigations  have  shown  a  progressively  increasing  degree 
of  consistency. 

The  method  which  is  used  to  test  the  truth  of  formula  (i)  may 
be  briefly  indicated.  If  i  is  the  saturation  current  per  unit  area  of 
the  hot  metal  at  any  temperature  9  then,  since  n  is  the  number  of 
ions  emitted  by  unit  area  of  the  surface  per  second,  we  have  /  =  ne^ 
where  e  is  the  charge  on  an  ion.  So  that,  introducing  a  new  con- 
stant A^  =»  log ,  Aje  we  have 

log.j-«Jlog.^=^j-3-  ^. 

If  we  subtract  one  half  of  the  logarithm  of  the  absolute  temperature 
from  the  logarithm  of  the  current  the  resulting  difference  should  be  a 
linear  function  of  i/^.  The  way  in  which  this  is  the  case  is  shown 
particularly  well  by  the  diagrams  given  by  Deininger  on  pp.  304 
and  305  of  the  paper  cited  above.  These  diagrams  represent  the  emis- 
sion of  negative  electricity  from  hot  platinum,  carbon  and  tantalum, 
and  from  these  metals  and  also  from  nickel  when  coated  with  a  thin 
layer  of  calcium  oxide. 

As  an  illustration  of  the  way  in  which  this  method  might  be  ap- 
plied to  the  measurement  of  high  temperatures  we  may  take  the 
problem  of  determining  the  electrical  resistance  of  tantalum,  be- 
tween, say,  1 500®  C.  and  the  melting  point  of  this  refractory  sub- 
stance, as  a  function  of  the  temperature.  It  is  quite  an  easy  matter 
to  determine  simultaneously  both  the  electrical  resistance  of  a  strip 
of  hot  metal  and  the  saturation  current  per  unit  area.  Full  details  of 
the  method  to  be  employed  are  given  in  the  writer's  papers.^  Suppose 
that  by  means  of  thermocouples  or  some  other  standard  method  of 
high  temperature  thermometry  we  are  able  to  determine  the  tem- 
perature of  the  tantalum  up  to  1500°  C.  The  arrangements 
necessary  for  this  purpose  are  described  in  Deininger's  paper  {loc, 
ciL),     By  making  observations  of  the  emission  of  ions  and  of  the 

^  See  especially  Phil.  Trans.,  A,  Vol.  201,  p.  497. 


Digitized  by 


Google 


1 86  O,    W.   RICHARDSON.  [Vol.  XXVII. 

temperature  we  are  enabled  to  construct  the  diagram  giving  the 
linear  relation  between  log  i*  —  J  log  d  and  ifd  for  values  of  d  up  to 
1773®  absolute.  By  extending  this  line  beyond  the  limits  of  the 
observation  we  obtain  log  i  in  terms  of  9  at  any  temperature.  We 
now  discard  the  thermocouples  :  they  are  not  much  use  at  temper- 
atures higher  than  1 500°  C  under  any  circumstances  :  and  observe 
only  the  values  of  f,  the  saturation  current,  and  x*  the  resistance  of 
the  wire.  We  thus  obtain  /*  as  a  function  of  f,  and  i  can  be  expressed 
in  terms  of  d  by  means  of  the  diagram  already  constructed.  In 
deducing  the  value  the  of  d  from  the  value  of  i  by  means  of  the  dia- 
gram it  is  convenient  to  proceed  by  a  method  of  successive  approxi- 
mation. The  diagram  does  not  give  d  in  terms  of  i  by  inspection, 
.  since  the  ordinates  are  not  log  i  but  log  i^\  log  d.  The  term  \  log  <?, 
however,  varies  very  slowly  with  9  when  compared  with  log  i  so  that 
we  shall  get  very  near  to  the  correct  value  of  Q  if  we  take  any  rea- 
sonably near  value  of  d  for  this  term.  We  may  take  for  example 
<?=  1800°  absolute.  We  therefore  subtract  \  log,  1800  from  the 
value  of  log,  i  corresponding  to  the  value  of  y  at  the  temperature 
which  we  wish  to  determine.  Having  found  log,  i  —  \  log,  1800  we 
refer  to  the  diagram  and  obtain  the  corresponding  value  of  ijd.  This 
value  gives  a  value  of  Q  say  ^j,  which  is  very  nearly  identical  with  the 
correct  value.  We  now  calculate  the  value  of  log,  ^  —  5^  log,  9^, 
and  referring  to  the  diagram  find  a  new  value  i/^,.  This  process 
of  successive  approximation  can  be  repeated  indefinitely  but  it  will 
be  found  in  practice  that  the  value  d^  obtained  at  the  second  approxi- 
mation in  any  ordinary  case  coincides  with  the  true  value  <?.  within 
the  limits  of  experimental  error. 

So  far  we  have  only  indicated  the  way  in  which  this  method 
could  be  employed  to  obtain  the  absolute  values  of  high  tem- 
peratures and  have  considered  neither  its  merits  nor  its  demerits. 
Chief  among  its  advantages  must  be  reckoned  its  sound  and  direct 
theoretical  foundation.  The  formula  i^=A^Q^e~^^^  has  been  de- 
duced in  a  variety  of  ways  more  or  less  independent.  But  the 
claim  of  the  formula  as  an  expression  of  a  general  truth  does  not 
rest  solely  on  the  agreement  of  conclusions  based  on  apparently  dif- 
ferent sets  of  assumptions.  It  is  equally  important  to  observe  that 
it  may  be  deduced  from  assumptions  of  a  very  general  character. 
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In  order  to  deduce  the  formula  it  is  only  necessary  to  assume  (i) 
that  the  ionization  is  a  function  of  the  temperature,  (2)  that  the 
emission  of  the  ions  is  accompanied  by  a  gain  or  loss  of  energy  by 
the  hot  body,  and  (3)  that  the  emitted  ions  behave  dynamically  like 
a  gas  when  their  concentration  is  so  small  that  their  mutual  forces 
may  be  neglected.  These  assumptions  are  all  so  extremely  prob- 
able that  the  result  is  practically  placed  outside  the  region  of 
hypothesis. 

It  is  to  be  borne  in  mind  that  there  is  nothing  in  the  theory 
which  demands  that  A^  and  b  should  not  be  functions  of  the  tem- 
perature. On  going  into  the  matter  more  fully  we  should  rather 
expect  that  they  would  depend  on  the  temperature  to  some  extent, 
possibly  to  a  considerable  extent.  It  is  evident,  however,  from  the 
experimental  results,  that  the  constants  A^  and  b  which  enter  into 
the  formula  for  the  saturation  current  are  independent  of  tempera- 
ture within  the  limits  of  accuracy  of  the  investigations  made  up  to 
the  present.  Since  there  is  no  theoretical  warrant  for  this  state  of 
things  the  ultimate  basis  of  the  method  must  be  regarded  as  em- 
pirical. 

Another  advantage  of  a  more  practical  character  arises  from 
the  extraordinary  sensitiveness  of  the  ionization  from  hot  bodies  to 
small  changes  of  temperature.  In  the  case  of  carbon  for  instance, 
the  author  found  in  a  typical  experiment  that  the  saturation  current 
at  1160°  C.  was  9X  io~®  amperes,  whilst  at  1360®  C.  it  had  in- 
creased to  2.2  X  10"*  amperes.  Thus  in  a  range  of  only  200*^  G. 
the  ionization  changed  in  the  ratio  of  about  2,500  to  i.  This  cor- 
responds to  an  increase  of  about  10  per  cent,  of  the  value  of  the 
current  for  every  degree  rise  of  temperature.  This  great  sensitive- 
ness to  change  of  temperature  arises  from  the  occurrence  of  the 
factor  r"*/*  in  the  formula ;  since,  as  is  well  known,  this  function 
changes  very  rapidly  as  the  argument  d  varies.  For  this  reason 
the  method  would  probably  prove  invaluable  in  any  investigation 
the  object  of  which  was  to  test  for  the  occurrence  of  small  changes 
in  the  temperature  of  hot  bodies  due  to  any  cause. 

Of  course,  in  making  a  series  of  observations  over  an  extended 
range  of  temperatures  the  accuracy  of  the  temperature  determina- 
tion is  nothing  like  so  great  at  present  as  what  this  degree  of  sen- 
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sitiveness  would  appear  to  imply,  for  the  reason  that  the  operations 
involved  appear,  in  practice,  to  change  uncontrollable  conditions  in 
a  way  which  it  is  difficult  to  allow  for.  Since  i  varies  very  rapidly 
with  d  it  follows  that  9  varies  very  slowly  compared  with  the 
change  in  j,  so  that  an  error  of  say  20  per  cent,  in  the  determina- 
tion of  the  current  would  have  no  appreciable  effect  on  the  absolute 
temperature.  In  fact  in  the  case  of  carbon  already  quoted  it  would 
have  meant  an  error  of  less  than  2^  C.  at  say  1300°  C.  Consider- 
able errors  in  the  value  of  the  current  are  therefore  possible  without 
seriously  vitiating  the  temperature  determinations. 

The  chief  objection  to  this  method  of  high  temperature  ther- 
mometry arises  from  the  existence  of  these  uncontrollable  varia- 
tions. However,  they  are  already  becoming  less  formidable  as 
investigation  progresses  and  the  minutiae  of  the  phenomena  are  be- 
coming better  understood.  It  looks  now  as  though  this  mode  of 
procedure  was  within  a  measurable  distance  of  becoming  a  satisfac- 
tory and  practical  instrument  of  high  temperature  research.  Both 
this  method  and  the  next  possesses  additional  advantages  which  it 
is  unnecessary  to  enter  into  here,  due  to  the  fact  that  all  the  meas- 
urements involved  are  simple  electrical  measurements  and  that  the 
apparatus  required  is  such  as  can  be  found  at  hand  or  easily  con- 
structed in  any  physical  laboratory. 

The  second  method  which  is  suggested  depends  on  properties  of 
the  ionization  from  hot  bodies  which  have  been  but  recently  dis- 
covered and  the  experimental  knowledge  which  we  are  able  to 
bring  to  bear  on  the  question  is  even  more  meager  than  in  the  case 
of  the  first.  To  this  extent  the  method  outlined  is  more  specula- 
tive than  the  first  but  this  consideration  is  offset  by  compensating 
advantages. 

Briefly  stated  the  method  consists  in  measuring  the  kinetic  en- 
ergy of  the  ions  emitted  by  the  hot  metal ;  or,  to  be  more  exact,  the 
value  of  \mu  ^,  where  m  is  the  mass  of  the  ions  and  u  their  com- 
ponent of  velocity  perpendicular  to  the  surface  from  which  they  are 
emitted.  A  way  in  which  this  may  be  done  has  been  described  by 
the  author  in  collaboration  with  Mr.  F.  C.  Brown.*  The  strongest 
point  of  this  method  is  theoretical  in  character  and  rests  on  the  fact 

*  O.  W.  Richardson  and  F.  C.  Brown. 
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that  the  quantity  measured  is  independent  of  the  properties  of  any 
particular  substance.  The  quantities  which  enter  into  the  theoreti- 
cal formula  are  fundamental  physical  constants  depending  only  on 
the  dynamical  properties  of  a  perfect  gas  and  on  the  laws  of  electrol- 
ysis. We  are  therefore  independent  of  the  particular  properties  of 
the  substance  with  which  we  are  working,  so  that  the  changes  in 
the  nature  of  the  surface,  which  formed  the  most  serious  objection 
to  the  first  method  are,  except  under  special  circumstances,  without 
effect  on  the  second.  If  the  theory  is  well  founded  we  have  in  this 
case  a  direct  appeal  to  the  most  fundamental  measure  of  tempera- 
ture, namely,  the  translational  kinetic  energy  of  the  ions  or  of  the 
molecules  of  a  gas,  to  which  they  are  equivalent  so  far  as  their 
thermal  relations  are  concerned. 

If  we  imagine  a  piece  of  metal,  at  a  temperature  sufficiently  high 
for  ions  to  be  emitted,  to  be  placed  in  an  exhausted  enclosure 
bounded  by  walls  which  are  non-conductors  of  heat  and  of  elec- 
tricity, ions  will  be  given  off  until  a  steady  state  is  reached  when  as 
many  ions  return  to  the  metal  from  the  surrounding  space  in  a 
given  time  as  are  emitted  by  the  metal  in  the  same  interval.  If  the 
final  equilibrium  is  to  be  thermal  as  well  as  electrical,  in  other 
words,  if  the  second  law  of  thermodynamics  holds  for  this  phe- 
nomenon, the  energy  carried  away  per  second  by  the  escaping  elec- 
trons must  be  equal  to  that  gained  from  those  returning.  In  addi- 
tion to  this  the  components  of  the  total  momentum  parallel  to  any 
three  mutually  perpendicular  axes  must  remain  unchanged.  The 
only  solution  which  appears  to  satisfy  these  conditions  is  that  the 
distribution  of  velocity  among  the  escaping  particles,  milst  be  iden- 
tical with  that  among  those  returning.  The  latter  can  be  calculated 
by  the  methods  of  the  kinetic  theory  of  gases.  If  n  is  the  total 
number  of  ions  emitted  by  any  element  ds  of  the  surface  perpendic- 
ular to  the  axis  of  x  in  unit  time,  then  the  number  which  have 
velocity  components  between  u  and  u  +  duis 

The  corresponding  quantities  for  the  y  and  z  axes  are 


«.  =  »( 


—  j  e-^'^dv, 
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n^  =  nl—\  e-^'^dw. 


whilst  the  number  which  at  the  same  time  have  velocity  components 
between  u  and  u  +  du^  v  and  v  +  dv  and  w  and  w  +  dw  is 

n^  =  n  '  2 ue'''^^-^^'^^dudvdw, 

urn  ^ 

In  these  formulae  m  is  the  mass  of  an  ion,  and  3  /  4^  is  its  average 
translational  kinetic  energy,  k  is  inversely  proportional  to  the  abso- 
lute temperature,  it  is  in  fact  equal  to  vjiRO  where  R  is  the  con- 
stant in  the  equation  pv  ^  RO  reckoned  for  one  cubic  centimeter  of 
gas  at  0°  C.  and  760  mm.  pressure  and  v  is  the  number  of  mole- 
cules in  one  cubic  centimeter  of  a  gas  under  the  same  standard 
conditions. 

The  simplest  way  of  applying  this  conclusion  is  to  take  two  par- 
allel plates  whose  dimensions  are  large  compared  with  their  dis- 
tance apart.  They  can  then  be  treated  with  sufficient  approxima- 
tion  as  infinite  planes.  A  small  hole  in  the  lower  plate  admits  a 
strip  of  hot  metal  which  is  flush  with  the  upper  surface  of  this 
plate,  with  which  it  is  metallically  connected,  so  that  the  lower  plate 
and  strip  are  always  at  the  same  potential.  The  lower  plate  and 
strip  are  always  maintained  at  zero  potential,  being  connected  to 
earth,  whilst  the  upper  plate  is  insulated  and  connected  to  one  pair 
of  the  quadrants  of  an  electrometer  and  to  a  suitable  additional 
capacity  if  required.  Initially  this  plate  also  is  at  zero  potential  but 
subsequently  charges  up  as  the  ions  emitted  by  the  metal  strip  reach 
it.  This  charging  up  produces  a  back  electromotive  force  F  tend- 
ing to  reduce  the  current  i  which  therefore  diminishes  with  lapse 
of  time.  It  can  be  shown  to  follow  from  the  theory  already  out- 
lined that  the  relation  between  the  current  and  the  voltage  is 

i  ve 

where  i^  is  the  initial  value  of  the  current  when  V^^  o  and  i^e  is  the 
quantity  of  electricity  required  to  deposit  half  a  cubic  centimeter 
of  hydrogen  by  electrolysis. 
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Experiments  by  the  author  and  Mr.  Brown  have  shown  that  in 
the  case  of  the  ionization  from  hot  platinum  the  required  pro- 
portionality between  log  i  and  Vv&  accurately  verified  provided  9 
remains  constant  and  provided  also  that  the  hot  metal  has  not  been 
highly  charged  with  electricity  during  its  previous  history.  Charg- 
ing the  hot  metal  with  electricity  of  either  sign  appears  to  produce 
peculiar  changes  in  the  energy  of  the  emitted  ions.  This  effect, 
which  was  discovered  by  Mr.  Brown,  is  now  being  further  investigated 
by  him.  He  has  found  one  result  among  others  which  is  of  special 
interest  in  this  connection.  That  is  that  the  peculiar  state  induced 
by  the  electric  charge  can  be  wiped  out  by  heating  the  metal  to  a 
much  higher  temperature,  so  that  after  this  treatment  the  theoretical 
formula  is  again  obeyed. 

The  value  of  the  constant  velR  which  when  multiplied  by 
—  VJlog^'i/tQ  is  equal  to  0  is  theoretically  calculable  from  the  value 
of  well  known  constants.  So  far  the  different  determinations  of  this 
quantity  have  shown  a  considerable  degree  of  variation,  much  more 
so  than  the  probable  errors  of  experiment  would  seem  to  warrant. 
The  experimental  values  are  distributed  pretty  evenly  around  the 
calculated  value  of  ve/R  indicating  that  the  theory  is  substantially 
correct  The  deviations  might  be  accounted  for  either  as  experi- 
mental errors  or  as  arising  from  some  disturbing  cause  affecting  the 
phenomenon  which  has  not  yet  been  taken  account  of.  The  only 
experimental  measurement  which  appears  to  have  much  chance  of 
being  seriously  at  fault  is  that  of  the  temperature  of  the  hot  metaU 
This  has  been  obtained  by  measuring  its  resistance.  As  the 
resistance  of  the  metal  is  very  low  (it  is  a  strip  of  foil  whose 
dimensions  are  roughly  i  x  3  X  .0005  in  millimeters)  and  as  its 
temperature  varies  considerably  from  point  to  point  of  the  strip 
there  is  bound  to  be  some  degree  of  uncertainty  as  to  what  should 
be  taken  to  be  the  effective  temperature  of  the  hot  metal.  On  the 
other  hand  one  would  expect  a  better  agreement,  than  that  which 
occurs,  between  the  different  values  of  ve/R  made  with  the  same 
strip,  since  these  only  involve  relative  changes  in  the  temperature. 
On  the  whole  it  looks  at  present  as  though  there  were  some  dis- 
turbing cause,  perhaps  related,  to  the  effect  of-  an  electric  charge 
already  alluded  to,  which  has  not  yet  been  fully  taken  account  of. 
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The  great  and  obvious  advantages  of  this  method  for  standard 
thermometry  at  high  temperatures  lie  in  its  theoretical  directness 
and  simplicity  and  the  fact  that  it  is  a  truly  absolute  method  in- 
dependent of  the  properties  of  any  particular  substance.  All  this 
of  course  rests  on  the  assumption  that  the  theoretical  ideas  under- 
lying this  development  of  the  subject  correctly  represent  the  facts. 
The  agreement  between  practice  and  theory  which  has  so  far  been 
obtained  makes  the  future  of  this  phenomenon  as  an  instrument  of 
high  temperature  research  look  very  promising.  It  seems  quite 
clear  that  the  further  investigation  of  this  subject  is  a  matter  of  the 
very  greatest  importance  from  this  very  practical  point  of  view. 

It  should  be  clearly  understood  that  the  primary  object  of  both 
the  methods  which  have  been  outlined  would  be  to  furnish  a  new 
standard  of  high  temperature  thermometry  rather  than  to  furnish 
an  actual  thermometer  which  could  be  used  to  determine  tempera- 
ture in  practical  cases.  As  a  practical  thermometer  for  high  tem- 
perature work  an  instrument  based  on  the  resistance  of  some  highly 
refractory  metal  or  on  optical  methods  would  probably  be  much 
easier  to  construct  and  would  work  better.  However,  there  seems  to 
be  comparatively  little  difficulty  about  the  construction  of  a  conven- 
ient practical  instrument  based  on  empirical  principles.  It  is  precisely 
when  we  consider  our  equipment  of  ultimate  thermometric  standards 
at  very  high  temperatures  that  the  deficiency  of  methods  is  most 
marked.  When  we  arrive  at  the  temperature  at  which,  owing  to 
the  softening  or  incipient  porosity  of  the  materials  which  can  be 
used  for  containing-vessels,  the  gas  thermometer  can  no  longer  be 
employed,  we  have  only  one  method  left,  that  which  is  based  on  the 
emission  of  radiation  from  a  perfectly  black  body.  The  theoretical 
basis  of  this  has  been  criticized  by  recent  writers  so  that  it  is  of  the 
utmost  importance  that  some  additional  absolute  standard  should 
be  found  which  can  be  used  when  the  gas  thermometer  is  no  longer 
serviceable.  The  methods  which  are  here  outlined,  based  on  the 
emission  of  electrons  from  hot  bodies,  show  definite  promise  of  being 
able  to  fill  up  this  lacuna. 

We  have  not  specifically  illustrated  the  way  io  which  the  second 
of  the  methods  outlined  above  could  be  employed  to  measure  some 
property  of  the   body  used  in  terms  of  the  absolute  temperature, 
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since  the  principles  to  be  applied  are  precisely  the  same  as  in  the 
first  method.  In  each  case  to  effect  a  comparison  with  some  other 
absolute  standard  method  such  as  the  black  body  method  it  would 
probably  be  necessary  to  effect  comparisons  of  both  .with  some 
intermediate  standard.  This  might  be  conveniently  chosen  as  the 
resistance  or  specific  resistance  of  the  material  employed  in  the 
electric  emission  method.  In  the  case  of  the  second  method  it 
might  be  easier  to  compare  the  optical  emission  rather  than  the 
resistance  with  the  electric  emission. 

This  paper  perhaps  requires  some  apology  for  the  speculative  at- 
titude it  takes  up  in  regard  to  what  is  essentially  a  practical  ques- 
tion. It  is  not  professed  that  either  of  the  methods  which  have  been 
outlined  could  be  applied  at  once  with  absolute  confidence  in  the 
results.  Despite  much  arduous  work  our  knowledge  of  the  emis- 
sion of  ions  from  hot  bodies  is  still  very  incomplete.  Much  more 
work  will  have  to  be  done  before  we  can  rely  with  certainty  on 
theoretical  conclusions  from  experiments  of  this  character.  It  is 
particularly  essential  that  experiments  similar  to  those  already  made 
should  be  carried  out  with  other  materials  and  with  the  same  ma- 
terials under  intelligently  varied  conditions.  It  is  only  by  an  ex- 
haustive study  of  this  kind  that  we  are  likely  to  discover  the  best 
material  for  the  standard  substance  and  the  detail  of  the  method 
according  to  which  the  experimental  measurements  should  be  car- 
ried out  in  order  to  achieve  success  in  thermometry.  It  is  possi- 
ble that  further  inquiry  would  show  that  the  phenomena  of  electric 
emission  are  not  capable  of  being  reduced  to  the  degree  of  precision 
demanded  by  the  work  of  this  nature.  This  is  extremely  unlikely 
—  the  conclusion  is  almost  denied  even  by  the  present  approximate 
state  of  the  subject  —  but  even  if  it  turned  out  to  be  the  case  the 
work  that  had  been  done  would  not  be  wasted.  The  data  that 
would  be  obtained  are  of  very  great  theoretical  interest,  and  on  this 
account  alone  would  well  repay  the  labor  involved.  When  the 
thermometric  possibilities  are  added  to  this  the  field  looks  a  very 
promising  one. 

The  importance  of  the  question  of  which  it  offers  the  possibility 
of  a  solution  would  appear  to  sufficiently  justify  the  occurrence  of 
this  short  paper.     If  it  succeeds  in  stimulating  others  to  a  practical 
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interest  in  the  subject  from  this  point  of  view  it  will  have  com- 
pletely achieved  its  purpose. 

Appendix. 
An  idea  of  the  reliability  of  the  results  which  ought  to  be  obtain- 
able by  applying  the  first  method  with  reasonable  care  at  the  pres- 
ent time  can  be  obtained  from  the  diagrams  on  page  304  of  Dein- 
inger's  paper  {loc,  ciL).  If  the  lines  were  extended  so  as  to  obtain 
temperatures  outside  the  explored  region  in  the  manner  indicated 
above  there  is  no  reason  why  the  errors  of  experiment  should  be 
greater  than  those  within  the  known  region.  The  deviation  of  the 
experimental  points  from  the  straight  line  will  thus  show  what  kind 
of  errors  we  shall  have  to  expect  in  using  this  method  to  determine 
temperatures.  If  we  take  the  points  which  fall  furthest  from  the 
straight  line  we  shall  obtain  a  measure  of  the  greatest  error  that 
we  are  likely  to  encounter.  By  taking  a  series  of  measurements 
the  error  will  be  averaged  out  and  the  probable  error  will  be  very 
much  less  than  this.  The  points  which  fall  furthest  from  the 
straight  lines  in  these  diagrams  correspond  to  the  following  devi- 
ations from  the  temperature  as  given  by  the  straight  lines. 


Conductor. 

Approximate  Absolute 
Temperature. 

Maximum  Error,  Deg reea 
Centigrade. 

Platinum 
Tantalum 
Carbon 

1639^  abs. 
1639 
1429 
1663 

80C. 
11 

5 
4 

Two  numbers  have  been  given  in  the  case  of  carbon,  as  the  first 
one,  that  which  gave  the  maximum  error  of  5^,  was  the  first  ob- 
servation taken  and  corresponded  to  the  lowest  temperature  on  the 
table.  For  these  reasons  there  might  be  expected  to  be  something 
exceptional  about  it.  The  other  points  all  lie  much  closer  to  the 
curve,  so  the  next  furthest  away  has  been  taken  as  being  more 
representative. 

It  is  to  be  borne  in  mind  that  the  numbers  in  the  preceding  table 
represent  the  maximum  deviation  out  of  a  large  number  of  observa- 
tions.    The  curve  for  carbon  covers  24  observations,  that  for  tan- 
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talum  35,  and  that  for  platinum  22.  In  any  actual  experiment  in 
which  this  method  was  used  to  determine  temperatures  it  would 
naturally  be  arranged  that  a  large  number  of  observations  would 
be  taken  so  that  the  expected  error  ought  to  be  much  less  than 
these  values.  As  they  stand,  however,  the  errors  are  probably  at 
least  as  small  as  could  be  obtained  by  any  other  thermometric 
method  at  these  temperatures. 
Princeton,  N.  J., 
April  22,  1908. 
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DIFFERENTIAL  ELECTRIC  DOUBLE  REFRACTION  IN 
CARBON  BISULPHIDE.^ 

By  C.  F.  Hagenow. 

THE  phenomenon  of  double  refraction  in  dielectrics  when  sub- 
jected to  an  electric  strain  was  discovered  by  Kerr*  and 
later  studied  by  a  number  of  other  investigators. 

The  methods  employed  were,  generally,  to  place  the  dielectric 
between  parallel  electrodes,  maintained  at  a  known  difference  of  po- 
tential, and  this  system  between  crossed  or  parallel  nicols  (set  at  45® 
to  the  field)  in  line  with  a  source  of  light.  The  resulting  double 
refraction  was  measured  by  a  Babinet  compensator.  The  potential 
was  supplied  by  a  static  machine,  induction  coil  or  storage  battery. 

The  law  obtained  from  these  investigations  is  expressed  by  the 
formula 

(.)  --^ 

where  5  is  the  phase  difference  in  wave-lengths  between  the  two 
emerging  components  of  light  (vibrating,  of  course,  at  right  angles 
to  each  other) ;  P  the  potential  in  electrostatic  units ;  /  the  length 
of  the  electrodes  and  a  their  distance  apart  in  centimeters ;  B  the 
electro-optical  constant  for  the  particular  dielectric  considered. 

In  determining  B  several  difficulties  are  met  with.  An  error  of 
one  per  cent,  in  the  value  of  a  (and  this  must  of  necessity  be  taken 
small)  causes  an  error  of  two  per  cent,  in  the  result.  For  the  same 
reason  the  error  in  potential,  a  factor  necessarily  large  and  hence 
difficult  to  measure,  produces  a  double  error  in  the  result.  The 
presence  of  small  particles  in  the  liquid  often  adds  to  the  inaccuracy 

^  Read  at  the  Chicago  meeting  of  Section  B  of  the  American  Association  for  the  Ad- 
vancement of  Science,  January,  1908. 

«J.  G.  Kerr,  Phil.  Mag.,  50,  pp.  337  and  446.  1875 ;  8,  pp.  85  and  229,  1879;  9,  p. 
157,  1880;  13,  pp.  153  and  248,  1882;  20,  p.  363,  1885;  37,  p.  380,  1894;  38,  p. 
144,  1894.     Rep.  British  Association  for  the  Advancement  of  Science,  p.  157,  1892. 
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of  the  compensator  settings  by  pausing  disturbances  in  the  field  of 
view. 

The  condition  of  the  CS,  also  affects  the  value  of  this  constant, 
though  to  just  what  extent  is  not  definitely  known.  Quincke^ 
found  considerable  variation  in  seemingly  pure  CS,  and  obtained 
values  of  B  differing  as  much  as  20  per  cent.  He  shows  a  com- 
parison of  results  obtained  from  two  lots  of  the  liquid ;  the  one 
specially  prepared  for  him  by  Kahlbaum  and  the  other  purified  by 
himself  by  shaking  with  dried  CuSO^,  distilling  and  filtering.  On 
comparing  the  results  obtained  from  these  two,  other  parts  of  the 
apparatus  being  the  same,  the  variation  is  not  greater  than  4  per 
cent,  from  the  mean.  He  found  further,  on  introducing  a  Leyden 
jar  to  steady  the  potential,  a  considerable  increase  in  the  observed 
effect.  His  results  also  indicate  a  decrease  in  the  value  of  B  with 
the  length  of  the  electrodes. 

Quincke  claimed  an  accuracy  of  1/150  mm.  in  measuring  a,  and 
.000062  X  in  the  compensator,  though  he  could  hardly  have  ob- 
tained settings  to  that  degree  of  accuracy  in  the  presence  of  the 
fluctuations  caused  by  the  static  machine.  He  ascribed  the  lower 
value  of  B^  obtained  without  the  use  of  the  Leyden  jar,  to  the  rapid 
changes  in  potential.  He  used  a  long  range  Kelvin  electrometer 
and  also  a  Righi  reflection  electrometer  to  measure  the  potential 
and  a  Babinet  compensator  to  measure  the  phase  difference. 

Later  Schmidt,'  using  CS,  as  a  standard  of  comparison,  found  that 
the  presence  of  foreign  substances  did  not  appear  to  affect  it  to  the 
extent  of  Quincke's  results.  He  attributed  the  error  chiefly  to  the 
measurement  of  the  distance  between  the  electrodes  and  the  uncer- 
tainty of  the  setting  of  the  compensator  on  account  of  the  particles 
in  the  field  of  view.     He  gives  no  details  as  to  purification. 

Lemoine*  made  a  determination  of  B^  laying  claim  to  greater 
accuracy  than  Kerr  and  Quincke,  but  he  states  nothing  as  to  his 
method  of  purifying  the  liquid.  He  employed  an  absolute  elec- 
trometer and  a  Babinet  compensator.  A  correction  was  also  made 
for  the  length  of  the  electrodes,  on  account  of  the  error  due  to  the 

^G.  Quincke,  Wied.  Ann.,  19,  p.  729,  1883. 
■  W.  Schmidt,  Ann.  d.  Fhysik,  7,  p.  142,  1902., 
*  J.  Lemoine,  Compt.  Rend.,  122,  p.  835,  1896. 
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edges  of  the  latter,  which  is  about  one  per  cent.  He  gives  ^  =  3.70 
X  io~^  (using  white  light  and  a  red  glass  as  a  filter)  as  the  average  of 
2 1  series  of  observations,  which  did  not  depart  from  the  law  as  stated 
above  by  more  than  one  per  cent. 

The  most  elaborate  attempt  at  the  purification  of  CS^  has  very 
recently  been  made  by  Blackwell  ^  in  his  investigation  of  its  electric 
dispersion.  However,  he  does  not  seem  to  think  this  treatment  ab- 
solutely essential  to  the  experiment.  His  work  concerns  itself 
chiefly  with  the  relative  values  in  the  spectrum.  Great  care  was 
taken  in  the  preparation  of  the  electrodes.  A  storage  battery  was 
employed,  and  the  potential  kept  practically  constant  during 
the  experiment.  The  dispersion  was  obtained  by  photographing 
the  spectrum  crossed  by  the  dark  band  —  using  a  spectroscope  and 
Babinet  compensator  —  and  then  measuring  with  a  telescope  the  rela- 
tive shift  of  the  band  on  the  negative. 

The  average  measurements  of  the  observed  shifts  of  the  band  in 
different  experiments  under  practically  uniform  conditions  vary  as 
much  as  five  per  cent,  from  the  mean,  which  is  greatly  in  excess  of 
the  refinements  employed  in  the  construction  of  the  apparatus. 
However,  his  object  was  to  obtain  relative  retardations,  and  these  were 
found  in  the  case  of  each  experiment  separately,  using  the  retarda- 
tion of  sodium  light  as  a  standard  of  comparison.  The  results  so 
found  agree  much  more  closely,  the  error  not  exceeding  two  per 
cent.  He  obtained  an  absolute  value  of  the  retardation  for  sodium 
light  of  7.04 X  io~^  cm.  at  24®  C.  and  56,000  volts  per  cm.  This 
corresponds  to  5=  3.57 x  lO""',  subject,  of  course,  to  the  varia- 
tion noted  above. 

The  main  object  of  the  present  investigation  undertaken  at  the 
suggestion  of  the  late  Dr.  Brace  was  to  determine  B  for  various  colors, 
using  a  highly  sensitive  method  of  measuring  the  phase  difference, 
viz.,  the  Brace,  half  shade  elliptic  polarizing  system.*  The  fact 
that  it  permits  the  use  of  very  low  potential  has  already  been  taken 
advantage  of  by  Elm^n.* 

In  the  present  case  its  high  sensibility  is  used  advantageously  in 

^  H.  L.  BUckweU,  Proc.  American  Academy  of  Arts  and  Sciences,  Vol.  41,  p.  645, 
1906. 

SD.  B.  Brace,  Phys.  Rev.,  18,  p.  70;  19,  p.  2X8,  1904. 
*G.  Elm6n,  Phys.  Rev.,  20,  p.  54,  1905. 


Digitized  by 


Google 


No.  3.]      DOUBLE  REFRACTION  IN  CARBON  BISULPHIDE.  1 99 

determining  a  change  of  a  complete  wave-length.  The  compensator 
is  first  set  for  a  match,  with  no  electric  field,  then  the  potential  ap- 
plied and  increased  until  a  match  is  again  obtained.  This  method 
avoids  the  necessity  of  taking  into  account  the  variation  in  the 
double  refraction  of  the  mica  strips,  for  different  colors,  and  also 
of  calibrating  the  compensator. 

The  potential  was  supplied  by  a  static  machine  and  measured  by 
a  Kaufmann^  form  of  absolute  electrometer  constructed  for  the  pur- 
pose. As  this  was  probably  the  least  accurate  part  of  the  appa- 
ratus, the  care  taken  in  its  adjustment  and  use  may  well  be  given  a 
more  detailed  description. 

The  movable  disk  was  suspended  by  a  bifilar  of  phosphor  bronze 
wire,  adjustable  in  length,  spread  and  torsion.  On  the  axis  of  the 
disk  was  mounted  a  small  plane  mirror  and  the  deflections  observed 
by  the  telescope  and  scale  at  about  a  meter  distance. 

The  fixed  plate  and  guard  ring  were  first  carefully  leveled. 
Then  three  glass  blocks  of  3.1 15  mm.  thickness  (accurate  to  .005 
mm.)  were  placed  on  the  fixed  plate,  which  was  raised  parallel  to 
itself  on  its  insulating  screw  until  the  blocks  touched  the  movable 
disk.  Any  tipping  of  the  latter  due  to  this  contact  was  detected  by  a 
microscope  cathetometer  for  one  direction,  and  by  a  telescope  and 
scale  for  motion  at  right  angles  to  it.  The  distance  between  the  * 
fixed  and  movable  plates  was  also  measured  by  the  microscope 
cathetometer ;  this  being  simply  the  thickness  of  the  glass  blocks 
plus  the  distance  through  which  the  fixed  plate  was  raised,  begin- 
ning at  any  desired  point,  until  the  instant  of  contact  of  the  blocks 
with  the  movable  disk.  Of  course  this  distance  was  made  to  con- 
form with  that  between  the  guard  ring  and  the  fixed  plate. 

The  wires  of  the  bifilar  were  then  twisted  until  the  disk  was  ro- 
tated through  nearly  90  degrees,  the  position  of  greatest  sensibility, 
and  the  system  calibrated  by  the  use  of  a  series  of  nine  weights 
(accurate  to  .0001  gram)  suspended  from  a  hook  centered  in  the 
framework  above  the  disk.  After  standing  in  adjustment  about  a 
week,  the  instrument  gave  a  very  constant  calibration.  However, 
calibrations  were  always  made  just  before  and  after  a  set  of  obser- 
vations. A  number  of  readings  were  also  compared  with  results 
» Cf.  J.  E.  Almy,  Ann.  d.  Phys.  (4),  Vol.  i,  p.  508,  1900. 
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obtained  from  spark  potentials  and  were  found  to  check  within  an 
average  of  less  than  one  per  cent 

The  static  machine  was  driven  at  a  constant  speed  and  the  poten- 
tial changed  by  shunting  with  a  variable  point  discharge. 

The  disposition  of  the  optical  apparatus  is  shown  in  Fig.  i. 
Light  from  the  sun  was  focused  on  the  slit  nt^  by  the  letis  Z^.  The 
second  slit  m^  is  conjugate  to  m^  through  the  lenses  L^  and  L^ 
and  the  dispersing  prism  A.    The  angular  position  of  the  latter  was 


3f 


^^ 


Fig.  I. 

controlled  by  a  screw  T  and  its  positions  calibrated  for  definite 
wave-lengths  passing  through  m^  by  use  of  the  scale  C.  The  lens 
L^  focused  the  beam  on  the  eye  placed  at  0,  The  nicol  N^ 
polarized  the  light  at  45  degrees  to  the  lines  of  force  and  N^  was 
set  for  extinction.  The  half  shade  S^  was  placed  so  that  its  princi- 
pal axis  was  at  45  degrees  to  the  plane  of  vibration  of  the  polarized 
light  (giving  maximum  illumination)  with  its  edge  perpendicular  to 
the  condenser  plates  ;  so  that  any  variation  of  color  might  be  the 
same  on  both  sides  of  the  dividing  line.  P  is  the  tube  with  the 
electrodes  and  S^  the  compensator.  A  telescope  was  usually 
mounted  at  0  to  magnify  the  field  of  view. 


i 


Sm*.  /^<««*>. 


Fig   2 

The  electrodes  were  ot  nickeled  brass  50  cm.  long  and  about  9 
mm.  wide.  Fig.  2  illustrates  the  arrangement,  as  designed  by  Mr. 
L.  B.  Morse  who  used  them  previously.     The  plates  were  kept  at 
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'the  proper  distance  apart  by  eight  glass  blocks  b  (sec  end  view, 
Fig.  2)  about  13  mm.  long,  a  little  more  than  2  mm.  wide  and  1.97 
mm.  thick,  the  last  dimension  representing  the  distance  between 
the  electrodes. 

To  hold  them  in  place,  four  of  them  were  drilled  with  holes  a 
little  less  than  i  mm.  deep  to  fit  corresponding  pegs  in  the  electrode. 
The  pressure  of  eight  springs  5  against  the  walls  of  the  enclosing 
tube  held  them  firmly  together,  and  rendered  them  also  fairly 
secure  against  displacement  in  the  tube. 

The  tube  G  had  five  openings ;  the  inlet  tube  /,  outlet  O,  E^ 
and  E^  for  the  insertion  of  wires  connecting  to  the  static  machine, 
and  the  tube  D  to  facilitate  removing  air  bubbles  which  were  caught 
between  the  glass  blocks.  Platinum  wires  sealed  in  short  glass 
tubes  which  just  fitted  into  E^  and  E^  made  electrical  connection 
with  the  electrodes.  These  were  cemented  in  place  after  contact 
with  the  electrodes  was  assured.  The  tube  was  sealed  at  the  ends 
by  thin  cover  glasses,  cemented  on  by  a  paste,  which,  while  resist- 
ing the  action  of  the  CS,,  had  the  further  advantage  of  not^drying 
to  perfect  hardness  and  thus  causing  strain  and  consequent  double 
refraction.  However,  the  cover  glasses  were  tested  for  double  re- 
fraction and  many  had  to  be  rejected  on  account  of  showing  evi- 
dence of  strain. 

The  whole  was  mounted  on  a  base  together  with  two  large  bot- 
tles serving  as  reservoirs  for  the  liquid ;  one  connected  to  the  tube 
/,  the  other  to  O.  The  first  of  these  bottles  was  provided  with  a 
filter  cup  sealed  into  the  neck  by  plaster  of  Paris ;  the  other  one, 
joined  to  the  tube  Oy  was  closed  with  a  rubber  stopper.  This  gave 
a  continuous  flow  from  the  filter  cup  through  the  main  tube  and 
into  the  second  bottle,  from  which  the  liquid  was  drawn  for  fresh 
•  distillation. 

Stopcocks  provided  for  the  different  requirements  of  the  system 
which  was  intended  to  keep  the  liquid,  when  once  clean,  from  con- 
tact with  the  air,  and  at  the  same  time  to  allow  of  introducing 
fresh  liquid  when  desired.  The  liquid  was  filtered  and  forced 
through  the  system  by  means  of  compressed  air. 

No  attempt  was  made  towards  complete  purification,  but  care 
was  taken  to  have  the  liquid  free  from  water  and  dust  particles. 
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which  in  the  reports  of  previous  investigators,  as  well  as  from  the 
writer's  own  experience,  seem  to  be  the  only  essential  disturbing 
factors.  Moisture  especially  caused  the  greatest  trouble  and  delay. 
The  CSj  was  first  distilled  with  fresh  lard  and  fused  CaCl,,  usu- 
ally about  three  times ;  though  considerable  variation  in  their  treat- 
ment seemed  to  cause  no  great  change  in  the  results.  Attention 
will  be  called  to  this  fact  again  later.  A  32-candle-power  incan- 
descent lamp  in  an  asbestos  oven  served  admirably  as  a  safe  heat- 
ing arrangement.  After  distillation  the  liquid  was  filtered  through 
the  porous  cup  into  the  receiving  bottle  above  mentioned ;  and, 
after  some  of  the  liquid  had  been  run  through  the  system,  the  tube 
was  filled  and  all  the  air  bubbles  removed  by  manipulating  the 
flow  of  the  liquid  and  by  tipping  the  tube.  In  this  way  any  par- 
ticles present  to  begin  with  are  gradually  carried  out  into  the  second 
bottle  to  be  filtered  out. 

Table  I. 

Temperature  25®  C, 


A^^ 

Scale. 

Average. 

Potential. 

i?XXOT 

539 

538 

430 

538 
518 

538 

40.75 

4.67 

450 

514 
466 

516 

42.30 

4.34 

500 

465 

417 

465 

46.00 

3.67 

550 

418 
379 

417 

49.35 

3.19 

590 

380 
365 

379 

52.05 

2.87 

600 

367 
334 

366 

53.00 

2.76 

650 

333 

333 

55.30 

2.54 

700 

310  (?) 

310  (?) 

56.90 

2.40  (?) 

430 

290 

• 

(2d) 

292 

291 

58.20 

4.58 

450 

257 

(2<J) 

258 

257 

60.45 

4.25 
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Observations  were  taken  as  follows  :  The  tube  being  filled  and  in 
place,  the  compensator  was  set  for  a  match  on  any  color. ^  The 
potential  was  then  applied  and  gradually  increased  until  a  match 
was  again  obtained.  A  second  observer  read  the  corresponding 
deflection  of  the  electrometer.  Readings  were  taken  at  different 
points  throughout  the  spectrum.  B  was  then  calculated  according 
to  formula  (i).  Table  I.  shows  one  set  of  readings  in  detail.  The 
CS,  used  was  distilled  three  times ;  twice  with  CaClj  and  lafd,  the 
third  time  with  CaCl,  only.  In  case  of  the  shorter  wave-lengths  it 
was  possible  to  produce  a  change  of  two  wave-lengths,  as  shown 
in  the  last  two  readings  in  the  table. 

Table  11.  gives  another  set  of  readings  taken  about  a  month  later 
with  CSj  only  once  distilled  with  fused  CaClj.  The  calibration  of 
the  electrometer  was  different  but  the  values  of  B  are  only  slightly 
lower. 

Table  II. 

Temperature  25°  C 


X 

Scale. 

Av. 

Potential. 

-ffXioT 

X 

Scale. 

Av. 

Potential. 

-ffXioT 

477 

• 

265 

478 

264 

477 

265 

430 

476 

477 

41.55 

4.50 

263 

450 

450 
452 

451 

43.40 

4.12 

650 

265 
265 
267 

265 

55.90 

2.48 

500 

401 
400 

349 
351 
349 

313 
312 
314 
311 

400 

46.80 

3.54 

700 
430 

221 
218 

221 

58.70 

(?) 
2.25 

550 

350 

50.20 

3.08 

(2d) 

450 
(2d) 

217 

178 
178 
177 
178 

217 
178 

58.90 
61.4 

4.48 
4.12 

590 

312 

304 
299 
304 
302 
299 

312 

52.75 

2.79 

500 

(2d) 

88 
88 
87 

88 

66.85 

3.47 

600 

299 

301 

53.50 

2.71 

>  It  was  then  matched  for  all  colors. 
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No. 
ofBz. 

I 

9 

3 

4 

5 

B 
Av. 

^XA 

Per  Cent. 

430 

— 

4.67 

4.50 

4.47 

4.51 

4.54 

1952 

116.^ 

450 

4.32 

4.34 

4.12 

4.10 

4.11 

4.20 

1890 

112.5 

A 
500 

3.67 

3.67 

3.54 

3.55 

3.54 

3.59 

1795 

106.8 

A 
550 

3.19 

3.19 

3.08 

3.07 

3.07 

3.12 

1716 

102.1 

A 
590 

2.94 

2.87 

2.79 

2.84 

2.79 

2.85 

1681 

100.0 

A 
600 

2.80 

2.76 

2.71  . 

2.69 

2.70 

2.73 

1638 

97.5 

A 
650 

2.57 

2.54 

2.48 

2.50 

2.45 

2.51 

1632 

97.1 

A 
700 

— 

2.40 

2.25 

— 

2.31 

2.32 

1624 

(?) 
96.7 

Table  III.  is  a  summary  of  five  different  sets.  The  values  of  B 
are  slightly  lower  in  the  last  three  than  in  the  first  two.  This  dif- 
ference is  hardly  to  be  accounted  for  by  the  change  in  the  condi- 
tion of  the  liquid  used  in  beginning  the  last  set.  For  in  experi- 
ment 4  some  of  the  liquid  first  used  was  again  employed  after  being 
redistilled  and  filtered.  In  fact,  owing  to  the  impossibility  of  en- 
tirely emptying  the  system  of  one  lot  of  the  liquid  before  refilling 
it,  the  portion  experimented  upon  at  any  given  time  was  always 
more  or  less  of  a  mixture.     The  average  values  of  B  are  plotted  in 

Fig.  3. 

The  actual  retardation  is  given  by  ^  x  ^,  that  is,  by 


;ix 


P^Bl 


from  formula  (i).  For  purposes  of  comparison  it  is  sufficient  to  find 
the  product  5  x  ^  at  the  different  points  of  the  spectrum.  These 
values  are  shown  in  Table  III.  and  are  plotted  in  Fig.  4.     For  com- 
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Fig.  3. 
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t^€f^  /v. — 

Fig.  4. 
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parison,  the  curve,  according  to  Kerr  ^  is  added,  shown  in  dotted 
lines.  This  is  plotted  according  to  his  statement  that  the  retarda- 
tion varies  inversely  as  the  square  root  of  the  wave-length.  The 
departure  of  the  results  of  the  present  investigation  from  this  law 
is  apparent  from  the  figure.  The  writer's  curve  agrees  closely  with 
a  similar  curve  of  Blackwell '  in  this  respect. 

The  abrupt  change  in  the  values  oi  B  y.  X  about  600  ///£  seems 
difficult  to  account  for.  Anything  that  might  have  caused  a  con- 
stant error  in  this  region  of  the  spectrum  was  carefully  examined, 
but  no  inaccuracy  was  discovered. 

As  to  the  accuracy  of  the  various  measurements  and  constants 
involved  in  the  experiment,  it  is  believed  that  they  are  well  within 
the  limits  set  by  the  conditions  of  the  problem  itself.  The  positions 
of  the  dispersing  prism  were  calibrated  by  means  of  the  Fraunhofer 
lines,  and  the  calibration  was  checked  up  after  the  experiment. 
The  micrometer  screw  controlling  the  prism  could  be  set  to  a  half 
of  one  iifi. 

The  glass  blocks  separating  the  electrodes  might  be  uncertain  as 
to  thickness  as  much  as  .01  mm.  which  would  affect  the  result  not 
more  than  one  per  cent.  The  setting  of  the  compensator  for  the 
match,  before  the  potential  was  applied,  was  easily  accurate  to  less 
than  0.2  per  cent,  and  the  settings  for  the  various  potentials  used 
may  be  seen  from  Tables  I.  and  II.  which  are  typical.  Thus  the 
total  range  of  the  scale  was  900  mm.,  and  it  was  possible  to  deter- 
mine a  match  to  one  division  of  the  scale  in  the  best  instances,  and 
within  three  divisions  of  the  mean  in  the  worst  cases.  This  means 
an  accuracy  of  0.2  per  cent,  in  the  shorter  wave-lengths  and  not 
more  than  0.5  per  cent,  in  the  larger  ones.  The  settings  for  wave- 
lengths greater  than  650  ///£  were  found  to  be  too  uncertain  to  be 
of  any  value. 

At  every  match  the  color  of  the  field  would  change  to  the  com- 
plimentary tint,  which  proved  to  be  as  delicate  a  test  of  uniformity 
as  the  match  of  intensity  itself  and  in  the  blue  end  of  the  spectrum 
was  the  only  means  of  determining  the  match. 

^  J.  G.  Kerr,  Rep.  British  Association  for  the  Advancement  of  Science,  p.  157,  1892. 
*H.  L.  Blackwell,  Proc.  American  Academy  of  Arts  and  Sciences,  Vol.  41,  p.  650, 
1906. 
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The  two  wave-length  retardations  as  shown  in  Table  II.  are  in- 
teresting as  showing  the  uniformity  of  the  formula  for  greater  re- 
tardations.    These  values  have  not  been  used  in  the  averages. 

Experience  showed  that  a  much  greater  dispersion  might  have 
been  used  with  sunlight  to  advantage.  A  more  nearly  monochro- 
matic light  would  undoubtedly  make  closer  settings  possible  in  the 
red  end  of  the  spectrum. 

These  experiments  were  all  performed  at  a  nearly  constant  tem- 
perature of  25®  C.  It  was  noticed  that  the  presence  of  particles 
caused  a  considerable  increase  of  the  potential  necessary  to  get  the 
same  double  refraction,  which  can  be  explained  by  the  greater  con- 
ductivity of  the  liquid.  On  allowing  a  fresh  supply  to  flow  into  the 
tube  from  the  receiving  bottle  the  liquid  would  at  once  regain  its 
former  state.  According  to  Quincke/  particles  have  the  same 
effect  as  decreasing  the  distance  between  the  electrodes,  i,  ^.,  in- 
creasing the  double  refraction.  But  this  effect  is  evidently  more 
than  offset  by  the  charge  carrying  capacity  of  the  particles. 

When  sparks  passed  through  the  liquid  the  effect  was  the  same 
as  that  caused  by  particles  (particles  of  carbon  probably  being  pro- 
duced), and  a  new  supply  had  to  be  admitted. 

The  writer  performed  a  series  of  similar  experiments  a  year  before 
the  present  set.  The  same  apparatus  was  employed  with  the  ex- 
ception of  the  electrometer,  instead  of  which  a  spark  gap  was  used. 
The  results  were  not  deemed  sufficiently  reliable  for  the  purpose  of 
the  investigation,  though  the  greatest  variation  in  the  value  of  B  was 
S  per  cent. ;  and,  comparing  averages  with  the  present  set,  the  differ- 
ences are  not  greater  than  3  per  cent.  The  method  of  purification 
was  the  same,  though  various  combinations  of  liquids  were  used  on 
account  of  the  circulating  system  used  in  connection  with  the  tube. 

In  conclusion  it  would  seem  that  a  fairly  stable  condition  of  CS, 
for  optical  purposes  can  be  obtained  by  a  simple  process  of  distilla- 
tion and  thorough  filtering,  and  that  this  treatment  allows  of  con- 
siderable variation  without  corresponding  changes  in  the  results. 

It  is  not  possible  at  this  stage  to  make  a  systematic  comparison 
of  the  values  oiB  with  those  obtained  by  others ;  since,  owing  to  the 
difference  in  method  or  object  in  view  in  previous  investigations^ 

iG.  Quincke,  Wied.  Ann.,  19,  p.  758,  1883. 
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the  data  do  not  correspond.  Quincke,  in  the  reference  given  above, 
gives  values  ranging  from  2.877  ^^  3-544  f^r  sodium  light  In  the 
particular  case  where  he  used  electrodes  47  cm.  long  his  values  vary 
from  2.877  to  2.98 1 .  Lemoine  does  hot  state  the  exact  wave-length 
of  light  used,  and  Blackwell  gives  only  one  instance  of  the  absolute 
value  of  the  constant  for  sodium  light ;  but,  as  noted  above,  this 
varies  considerably  in  the  different  experiments. 

As  to  the  dispersion,  the  results  do  not  bear  out  the  law  stated 
by  Kerr,  but  give  a  curve  steeper  at  the  blue  end  of  the  spectrum 
and  flatter  at  the  red  end,  agreeing  with  the  results  obtained  by 
Blackwell. 

Finally  the  writer  wishes  to  thank  Dr.  Skinner  and  Dr.  Almy  for 

their  kind  assistance  and  many  helpful  suggestions. 

Brace  Laboratory  op  Physics, 

University  of  Nebraska,  Lincoln. 
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SOME  STUDIES  IN  SHORT  DURATION 
PHOSPHORESCENCE. 

By  Chan.  W.  Waggoner. 

THE  experiments  which  follow  deal  with  the  decay  of  phosphor- 
escence in  certain  compounds  after  excitation  by  the  ultra- 
violet light  from  the  iron  spark.  Messrs.  Nichols  and  Merritt^ 
have  studied  the  decay  of  phosphorescence  in  sidot  .blend  and  other 
long-time  phosphorescent  compounds  throughout  a  certain  range. 
They  find  that  the  decay  curve  obtained  by  plotting  the  values  of 
/"^  as  ordinates  and  corresponding  values  of  /  as  abscissas  is  a 
straight  line  for  small  values  of  /»  and  that  it  changes  to  a  curve 
concave  toward  the  axis  of  /  as  /  increases ;  but  for  still  larger 
values  of  /,  the  relation  between  /"^  and  /  is  again  linear,  and 
remains  so  until  /becomes  too  small  to  measure.  In  other  words, 
the  decay  curve  consists  of  two  straight  portions  which  gradually 
merge  into  each  other. 

Werner,*  using  a  photographic  method,  and  working  with  a  long- 
time Sr — Zn — CaF,  phosphorescent  compound,  found  when  the  re- 
sults were  plotted  with  I"^  as  ordinates  and  corresponding  times  as 
abscissas  the  same  kind  of  curves  as  were  obtained  by  Nichols 
and  Merritt.  In  the  method  used  by  the  latter  experimenters  it 
was  not  possible  to  obtain  points  on  the  decay  curve  closer 
than  four  tenths  of  a  second  after  the  exciting  light  was  shut  off; 
and  the  first  point  in  the  curve  given  by  Werner  is  twenty-one 
seconds  after  shutting  off  the  exciting  light.  The  study  of  the 
decay  curve  immediately  after  excitation  has  ceased  was  sug- 
gested to  the  writer  by  Professor  Merritt,  who  had  designed  a 
phosphoroscope  for  this  work.  It  was  found,  however,  that  even 
when  operating  the  phosphoroscope  at  its  slowest  speed,  the  decay 
of  sidot  blend  was  too  slow  to  be  measured  with  accuracy  and  ease. 

*  Phys.  Rev.,  Vol.  21,  p.  247,  1905;  Vol.  22,  p.  279, 1906. 
■Ann.  der  Phys.,  Vol.  24,  p.  164,  1907. 
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Only  by  the  use  of  infra-red  rays  was  it  possible  to  increase  the 
decay  sufficiently  to  determine  the  shape  of  the  curve  for  the  initial 
decay. 

The  limits  of  the  operations  of  the  phosphoroscope  being  fixed, 
it  was  found  necessary  to  prepare  phosphorescent  compounds  whose 
decay  was  very  rapid  and  still  of  sufficient  intensity  to  measure.  A 
number  of  these  compounds  were  prepared  and  studied  along  with 
several  specimens  of  willemite  whose  decay  was  suitable. 

Methods  of  Preparing  the  Phosphorescent  Compounds. 

« 
In  preparing  the  compounds,  the  methods  given  by  Wiedemann 

and  Schmidt  ^  and  Andrews  *  were  followed.  The  ease  with  which 
these  compounds  may  be  prepared,  and  the  intensity  of  the  phos- 
phorescent light  given  off  when  they  are  excited  by  the  spark,  seems 
to  warrant  a  rather  detailed  account  of  their  preparation. 

A  salt  of  manganese,  in  this  case  MnSO^  was  used  as  the 
active  agent.  Lenard  and  Klatt*  found  that  the  intensity  of  the 
compound  is  less  affected  by  varying  percentages  of  manganese,  than 
with  any  of  the  other  active  agents.  The  compound  consists  of  an 
inactive  salt,  an  active  salt,  such  as  manganese,  and  a  flux. 

ZnCl^  +  MnSO^.  —  Some  zinc  chloride  prepared  from  metallic 
zinc  was  dissolved  in  a  small  quantity  of  distilled  water.  A  small 
trace  (usually  less  than  one  per  cent.)  of  MnSO^,  dissolved  in  water, 
was  added  to  the  ZnClj  solution  and  the  whole  brought  to  the  boil- 
ing point.  An  equal  volume  of  sodium  silicate,  as  the  flux,  was 
then  added  and  the  whole  evaporated  to  dryness.  On  being  ex- 
posed to  the  spark,  faint  green  phosphorescence  could  be  seen.  It 
was  then  placed  in  a  porcelain  crucible  and  heated  to  a  bright  red 
for  two  hours.  When  cool  it  showed  pale  green  fluorescence  when 
exposed  to  the  spark  and  when  the  exciting  source  was  cut  off,  it 
was  found  to  have  considerable  bright  green  phosphorescence.  A 
sample  of  the  powder  at  this  point  was  kept  and  marked  ZnCl,  no. 
I,  The  remainder  of  the  powder  was  heated  to  a  bright  red  for 
three  hours  and  when  cool  showed  both  fluorescence  and  phosphor- 
escence of  greater  intensity  than  did  ZnClj  no.  i.     A  sample  of 

>  Wied.  Ann.,  Vol.  54  p.  604,  1895. 
"Science,  Vol.  XIX.,  March,  1904. 
'Ann.  der  Phys.,  Vol.  15,  p.  243,  1904. 
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this  was  saved  and  marked  no.  2.  The  remaining  powder  was 
heated  two  hours  at  a  bright  red  and  on  examination  when  cool, 
it  was  found  to  have  lost  some  of  its  original  phosphorescent  inten- 
sity.    This  was  marked  ZnClj  no.  3. 

CdCl+xMnSO^,  —  Substituting  CdCl  for  ZnCl,  but  giving  it 
exactly  the  same  treatment  it  was  found  that  it  was  necessary  to 
heat  the  compound  at  a  bright  red  for  three  hours  before  the  phos- 
phorescence color  was  very  intense,  and  that  subsequent  heating  had 
no  marked  effect  on  its  phosphorescence  intensity  when  exposed  to 
the  spark.  The  fluorescence  color  was  pink,  and  the  phosphores- 
cence dark  red. 

CdSO^  +  X  MnSO^,  —  Some  CdSO^  was  dissolved  in  water  with  a 
small  trace  of  MnSO^  and  the  whole  heated  to  dryness  without  add- 
ing the  flux.  The  resulting  white  powder  showed  pale  yellow 
fluorescence  and  an  orange-yellow  phosphorescence  of  much  longer 
duration  than  the  zinc  compounds. 

ZnSO^+  X  MnSO^.  —  ZnSO^  substituted  for  CdSO^  and  treated 
in  the  same  way  resulted  in  a  white  powder  whicK  showed  pink 
fluorescence  and  bright  red  phosphorescence,  but  the  intensity  was 
too  small  to  be  measured  by  the  method  used. 

Some  ''chemically  pure"  calcium  sulphide  was  purchased  with 
the  view  of  trying  to  prepare  compounds  of  CaS  and  MnSO^,  but  it 
was  found  to  be  already  an  active  phosphorescent  compound  having 
a  brownish-red  color. 

Two  large  pieces  of  willemite,  showing  brilliant  green  phosphor- 
escence with  the  iron  spark  were  studied.  It  was  found  that  their 
rates  of  decay  were  not  the  same.  The  sample  having  the  slowest 
decay  was  marked  willemite  no.  5.  The  sample  having  the  very 
rapid  decay  was  crushed  into  a  fine  powder,  a  sample  made  into  a 
screen  and  marked  willemite  no.  i.  A  part  of  the  powder  was 
heated  to  a  bright  red  heat  in  a  porcelain  crucible  for  forty-five 
minutes.  This  was  marked  willemite  no.  2.  The  remainder  of 
the  powder  was  heated  for  two  hours  at  a  bright  red,  and  marked 
willemite  no.  3. 

One  ZnCl+  x  MnSO^  sample  made  by  W.  S.  Andrews,  Schenec- 
tady, N.  Y.,  was  also  studied. 

For  purposes  of  study,  screens  were  made  by  placing  the  phos- 
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phorescent  powder  on  small  squares  of  heavy  dark  brown  card- 
aboard,  the  cards  having  been  covered  first  with  white  "Zapon" 
varnish. 

Methods  of  Measurement. 

The  phosphoroscope  used  in  these  measurements  is  shown  in 
Fig.  I .     It  consists  of  a  disc  D,  fastened  to  a  cylinder  Z,  rotating 


d 


Fig.  1. 

about  a  horizontal  axis.  On  the  inside  of  Z  is  a  shaft  K  which 
rotates  at  the  same  speed  as  the  cylinder.  On  the  end  of  A!'  is  a 
plane  mirror,  placed  45®  to  the  axis  of  the  shaft,  and  by  use  of  the 
mechanism  at  C  the  position  of  the  mirror,  relative  to  any  point  on 
the  disc  D  may  be  shifted  while  the  disc  is  rotating.  The  disc  has 
an  opening  at  (7,  through  which  the  light  from  the  spark  E^  may  pass 
each  successive  revolution,  and  excite  the  specimen  placed  at  /^ 
Now  if  the  mirror  is  in  the  position  shown  it  will  reflect  into  the 
slit  of  a  spectrophotometer  the  light  which  comes  from  the  phos- 
phorescent screen  F^  while  it  is  being  excited  by  the  spark.  By 
moving  the  rod  /?,  the  mirror  is  turned  so  as  to  reflect  the  light 
from  the  screen  Finto  the  spectrophotometer  some  time  after  exci- 
tation, and  in  this  way  the  intensity  of  the  phosphorescence  after 
successive  excitations  may  be  measured  by  the  spectrophotometer 
AB.  The  cylinder  L  is  driven  by  a  motor  belted  to  it  over  the 
pulley  P.  5  is  a  worm  driving  a  cog  wheel,  which  serves  as  a  de- 
vice for  recording  the  speed  by  making  an  electric  connection  with 
a  chronograph  once  in  every  hundred  revolutions  of  the  disc. 
Current  operating  the  motor  was  taken  from  a  direct-current  source 
having  a  special  device  for  maintaining  constant  voltage,  and  the 
speed  of  the  motor  was  found  to  remain  almost  constant.     The 
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disc  D  has  a  second  half-disc  fastened  to  the  first  (not  shown  in 
the  figure)  by  which  it  was  possible  to  change  the  size  of  the  open- 
ing at  O.  The  essential  advantage  of  this  phosphoroscope  over 
others  is  that  the  decay  of  the  phosphorescent  light  may  be  studied 
without  changing  the  time  of  excitation.  Another  feature  of  this 
method  is  that  settings  on  the  spectrophotometer  for  any  curve  may 
be  repeated  as  often  as  desired  and  the  time  taken  for  the  determi- 
nation of  each  setting  may  be  as  long  as  desired.  The  results 
shown  in  the  curves  that  follow  were  determined  from  two  different 
settings  of  the  spectrophotometer  for  each  point,  and  the  plotted 
point  represents  the  average. 

The  source  of  excitation  was  the  spark  between  iron  terminals. 
An  induction  coil  was  connected  to  a  source  of  alternating  current 
of  60  cycles  frequency ;  a  small  condenser  being  connected  in  mul- 
tiple with  the  spark  gap.  In  order  to  study  the  effect  of  decreased 
time  of  excitation,  it  was  found  necessary  to  increase  the  frequency 
of  the  spark,  this  being  accomplished  by  connecting  it  to  a  source 
of  alternating  current  giving  140  cycles.  With  this  higher  fre- 
quency the  chances  of  the  spark  exciting  the  screen  at  each  turn 
of  the  disc  is  greater ;  also  the  higher  frequency  could  be  used  as 
a  check  on  the  curves  taken  at  the  lower  frequency. 

An  incandescent  lamp  connected  to  a  constant  potential  source 
was  used  as  a  comparison  source  in  the  spectrophotometric  meas- 
urements. 

Discussion  of  Results. 

The  curves  shown  in  Fig.  2  are  decay  curves  typical  of  three 
substances  studied.  They  are  plotted  with  /~^  as  ordinates  and 
corresponding  times  as  abscissas.  It  will  be  seen  that  the  curves 
have  the  same  general  characteristics  as  those  for  long-time  phos- 
phorescent substances,  /.  ^.,  the  curve  consists  of  two  straight  lines 
merging  into  one  another.  Curve  A  shows  a  very  rapid  decay, 
and  it  is  quite  difficult  on  account  of  the  small  intensity  of  the 
light  to  follow  the  second  straight  portion  of  the  curve  very  far. 

It  will  be  seen  that  in  each  curve  one  point  has  been  plotted  to 
the  left  of  the  zero  on  the  ordinates.  This  observation  is  made  on 
the  fluorescent  light,  i,  ^.,  it  is  the  intensity  of  the  light  coming  from 
the  screen  when  the  mirror  is  in  position  to  reflect  the  light  which 
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comes  from  the  screen  during  excitation.  The  zero  point,  or  the 
point  where'the  exciting  light  fails  to  be  reflected  into  the  spectro- 
photometer, was  determined  by  placing  a  piece  of  white  paper  in 
place  of  the  screen. 

On  examination  of  the  time  of  excitation  it  will  be  found  that 
there  can  be  at  most  only  120  sparks  per  second  and  during  the 
time  of  excitation  given  in  the  curves  in  Fig.  2  it  will  be  seen  that 
three  sparks  per  revolution  of  the  disc  is  the  maximum  number 
that  could  pass  while  the  screen  is  being  excited.  In  fact  it  is  highly 
improbable  that  this  number  really  do  pass  during  excitation,  and  it 


Fig.  2. 

Decay  curves. 

Curve  A,     Willemite  No.  5,  time  of  excitation  .026  sec. 

"     B,     Andrews  ZnCl,,     **     "         *«         .027  ** 

'*     C,    ZnQjNo.  3,  "     "        **         .026  *' 

would  seem  then  that  the  excitation  may  vary.  However,  it  will  be 
remembered  that  these  excitations  follow  each  other  very  rapidly ; 
for  example,  in  curve  B,  Fig.  2,  the  rotating  disc  makes  a  complete 
revolution  in  .io8  sec,  and  as  something  like  lo  to  20  seconds 
were  taken  to  make  the  setting  of  the  spectrophotometer,  what- 
ever changes  take  place  in  the  spark  during  succes.sive  excitation, 
the  reading  is  an  average  value  of  the  intensity  at  that  point.     In 
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order  to  make  sure  of  this,  readings  were  taken  starting  with  the 
lowest  intensity  and  ending  with  the  highest :  then  starting  with 
the  highest  and  following  the  decay  to  the  lowest  value  of  intensity, 
the  points  plotted  being  an  average  of  the  two  settings  for  each 
point  on  the  curve. 

A  question  might  also  arise,  as  to  how  the  decay  curve  for  a 
substance  would  vary  if  the  points  on  the  curve  were  determined 
by  observing  the  decay  after  a  single  excitation,  instead  of  by  noting 
the  time  for  the  intensity  to  fall  to  a  fixed  value  and  then  re-ex- 
citing to  determine  the  next  point,  and  so  on.  Messrs.  Nichols 
and  Merritt  ^  have  shown  that  the  curves  taken  on  sidot  blend  with 
the  spectrophotometer  for  the  first  seven  seconds  of  the  decay  are 
straight  lines  when  plotted  with  /"^  as  ordinates  and  correspond- 
ing times  as  abscissas.     These  curves  were  taken  by  noting  the 


Fig.  3. 

Showing  the  decay  in  different  sabstances. 

Cunre  D.    CaS,     time  of  exciution  .033  sec. 


E. 
F. 


CdSO^ 
Cda,, 


.032 
.031 


time  required  for  the  intensity  to  fall  to  a  fixed  value,  then  re- 
exciting  and  noting  the  time  to  fall  to  a  different  intensity.  Com- 
paring the  curves  taken  in  this  way,  with  the  curves  they  give  for 
the  decay  of  the  total  intensity,  by  noting  the  intensity  at  different 

»Phys.  Rev.,  Vol.  XXI.,  p.  247,  1905,  and  Vol.  XXIII.,  p.  37,  1906. 
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times  after  one  excitation,  it  can  be  seen  that  the  curves  are  similar 
in  shape  so  far  as  those  taken  with  the  spectrophotometer  have  been 
carried. 

It  will  be  noted  that  in  practically  all  the  substances  studied,  the 
measurable  portion  of  the  decay  is  over  in  .07  second.  Some  of 
the  substances  may,  however,  be  seen  in  a  dark  room  for  a  very 
much  longer  time. 

The  curves  shown  in  Fig.  3  indicate  a  much  slower  decay  than  those 
shown  in  Fig.  2.     The  initial  decay,  however,  is  quite  rapid.     These 


Curve  Z. 


Fig.  4. 
Showing  effect  of  heat  treatment. 
Willemite  No.  i,  time  of  excitation  .022  sec. 
<i  ((    2      **     *'         '*  .022    '* 


curves  were  more  difficult  to  obtain  than  those  shown  in  Fig.  2 
since  the  maximum  wave-length,  the  one  observed  in  every  case, 
lies  in  the  yellow-red,  while  the  curves  in  Fig.  2  all  have  their 
maximum  in  the  green.  This  difficulty,  aside  from  the  fact  that  the 
decay  is  less  rapid,  makes  the  points  on  these  curves  less  certain 
than  those  of  Fig.  2.  It  will  be  seen,  nevertheless,  that  the  curves 
have  the  same  general  shape  and  consist  of  the  two  straight  lines 
merging  into  each  other. 

All  of  the  substances  mentioned  are  excited  to  fluorescence  by 
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kathode  rays  to  some  extent,  the  CdSO^  being  especially  brilliant, 
giving  a  very  intense  yellow.  They  were  also  found  to  be  excited 
somewhat  by  X-rays,  the  CdSO^  again  showing  the  greatest  inten- 
sity. In  all  cases  the  phosphorescence  excited  by  X-rays  was  too 
small  to  be  measured  with  the  present  apparatus. 

The  curves  given  in  Fig.  4  show  the  change  in  the  decay  of 
willemite  when  heat-treated.  Curve  L  shows  the  decay  of  the  un- 
treated willemite.  Curve  M  shows  the  decay  after  heating  the  wille- 
mite for  forty-five  minutes  at  a  bright  red  heat.     It  is  clear  from  the 


Fig.  5. 

Curves  showing  effect  of  heat  treatment. 

Curve  H,     ZnCl,  No.  i,  time  of  excitation  .031  sec. 

i<      j^^        «        (I    2,    **    "  »*         .031  ** 

<<  Q^  <i  ((      ^        ((      (I  ((  .0^1     '* 

curves  that  the  heat  treatment  has  decreased  the  initial  intensity  and 
made  the  decay  less  rapid  ;  both  these  changes  may  be  observed  by 
the  eye  alone  if  the  two  screens  are  excited  in  a  dark  room.  Wille- 
mite no.  3  which  had  been  heated  two  hours  was  found  to  give  a 
curve  whose  points  fell  so  nearly  on  curve  J/ that  it  was  not  plotted. 
The  curves  given  in  Fig.  5  show  the  decay  in  ZnCl^-f  x  MnSO^ 
as  affected  by  heat  treatment.  Curve  H  represents  the  decay  in  a 
sample  of  the  substance  taken  as  a  dry  powder,  which  resulted  from 
the  mixture  in  preparing  and  heating  it  only  two  hours  at  a  bright 
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red.  Curve  K  represents  the  decay  of  a  sample  heated  five  hours 
and  curve  G  after  seven  hours  heating.  The  curves  show  that  the 
first  heating  was  not  sufficient  to  bring  out  the  initial  brightness 
and  longer  decay  of  the  substance,  and  that  there  is  a  time  limit  to 
the  heating  necessary  to  produce  maximum  intensity  ;  for  on  heat- 
ing beyond  this  the  initial  intensity  becomes  less.  From  the  behavior 
of  this  artificial  compound  it  would  seem  that  the  natural  willemite 
shown  in  Fig.  4  had  reached  a  maximum  heat  treatment  already, 
for  further  heating  decreased  its  initial  intensity.  The  slope  of  the 
curves  in  Fig.  5  seem  to  indicate  little  change  in  the  rate  of  decay 


Fig.  6. 

Showing  the  effect  of  changing  the  time  of  excitation. 

Curve  A,     ZnQ,  No  3,  time  of  excitation  .013  sec. 
it     ^.         «  (<        <(      (<  ((         .024    ** 

ft     c.        "  **        "     *<         **        .058     ** 

after  the  initial  drop  ;  unfortunately  the  intensity  becomes  so  small 
that  it  was  found  impossible  to  carry  the  curves  farther,  and  the 
readings  in  this  region  represent  the  average  of  a  number  of  settings. 
The  curves  given  in  Fig.  6.  show  the  effect  of  decreasing  the 
time  of  excitation  in  ZnCl^  no.  3.  This  was  accomplished  by 
making  the  opening  of  the  disc  in  Fig.  i  smaller.  It  was  found 
that  when  60-cycle  current  was  used  for  the  spark,  the  curves  taken 
with  decreased  time  of  excitation  were  more  or  less  irregular.    This 


Digitized  by 


Google 


No.  3.] 


SHORT  DURATION  PHOSPHORESCENCE, 


219 


was  no  doubt  due  to  the  fact  that  with  the  small  opening  of  the  disc 
the  irregularities  of  the  spark  were  more  pronounced.  However,  on 
the  140-cycle  current  the  curves  were  quite  regular  and  could  be 
duplicated  very  closely.  The  curves  given  in  Fig.  6  were  taken  with 
the  spark  operated  from  the  140-cycle  current  and  it  will  be  noted 
that  a  decrease  in  the  time  of  excitation  brings  about  a  more  rapid 
decay. 

The  curves  in  Fig.  6  also  serve  to  confirm,  somewhat,  the  curves 
taken  with  the  60-cycle  current ;  for  it  will  be  seen  that  they  have 
the  same  general  shape  as  those  given  for  ZnCl,  no.  3  in  Fig.  2. 

The  Effect  of  Infra-Red  on  the  Initial  Decay  of 
SiDOT  Blend. 

The  efTect  of  infra-red  on  long-time  phosphorescent  substances 
has  been  studied,^  and  it  was  natural  to  suppose  that  short-time 
substances  would  be  affected  in  somewhat  the  same  way.  The 
method  of  experimentation  followed  was  to  allow  the  light  from  the 
arc  to  fall  on  the  phosphorescent  screen  through  a  piece  of  very 
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Fig.  7. 

Carres  showing  the  effect  of  infra-red  on  the  initial  decay  of  sidot  blend. 

Curve  A,    Without  infra-red,  time  of  excitation  .04  sec. 

"     B,    With  **  '*     **        •*        .04  «' 

dense  ruby  glass,  and  compare  the  shape  of  the  decay  curves  taken 

with  and  without  the  infra-red.     It  was  found,  however,  that  none 

of  the  short-time  substances  were  affected  in  measurable  amount. 

1  Nichols  and  Merritt,  Phys.  Rev.,  Vol.  XXV.,  p.  362,  1907. 
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There  was  a  slight  indication  of  some  change  in  the  shape  of  the 
latter  portion  of  the  decay  curve,  but  the  error  in  setting  the  spectro- 
photometer in  this  region  where  the  light  is  so  faint  would  account 
for  the  changes  in  the  curves. 

While  the  effect  of  infra-red  on  the  decay  of  short-time  phosphor- 
escent compounds  is  so  small  that  it  cannot  be  readily  measured, 
the  effect  of  infra-red  on  sidot  blend  is  quite  marked. 

In  Fig.  7  curve  -5,  showing  the  decay  under  the  action  of  the 
infra-red,  is  the  average  of  a  number  of  determinations  and  the 
shape  of  the  curve  is  fairly  definite.  However,  this  cannot  be  said 
of  curve  A^  which  is  also  the  average  of  a  number  of  trials,  since 
the  total  intensity,  over  the  range  of  time  available,  is  very  small. 
There  is  some  doubt  also  as  to  the  shape  of  the  curve  during  the 
first  hundredth  of  a  second.  It  was  necessary  to  change  the  position 
of  the  disc  on  the  shaft  of  the  phosphoroscope  in  studying  the  effect 
of  infra-red  and  it  is  possible  that  the  zero  given  may  be  incorrect,  i,  e., 
the  points  on  the  zero  ordinate  and  perhaps  the  one  following  may  be 
in  the  fluorescent  light,  and  therefore  the  real  phosphorescent  decay 
started  at  some  later  time  than  the  zero  given.  This  possible  error 
in  the  zero  only  applies  to  the  curves  taken  in  studying  the  infra- 
red and  in  no  way  affects  the  other  curves. 

There  is  no  question  as  to  the  effect  of  infra-red  on  the  initial 
decay  of  sidot  blend,  but  owing  to  the  very  slow  decay,  the  shape 
of  the  curves  may  be  more  or  less  in  error. 

Decay  Curves  for  Different  Wave-Lengths. 

The  phosphorescence  spectrum  of  each  substance  was  studied  and 
curves  of  decay  taken  for  different  wave-lengths  to  determine  if  all 
parts  of  the  band,  characteristic  for  each  substance,  decayed  at  the 
same  rate.  In  all  the  substances  studied  the  phosphorescence  spec- 
trum at  room  temperature  consisted  of  a  single  band.  The  extent 
of  each  being  as  follows  : 

QiSi  .53    to  .64  //with  max.  at  .575^. 

CdClj  .545  "  .65  fi     "     **      **  .59  fi. 

CdSO^  .514".623/u     •'     **      "  .565/u. 

ZnCl,  no.  I  .49  "  .585 ^u  **  **  **  .52  ft. 
Andrews  ZnCl,  .49  "  .545/u  "  '*  "  .52  /u. 
Willemite  no.  i  .46    '*  .56  u     **     '*       **  .52  ft. 
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In  order  to  determine  the  rate  of  decay  of  different  parts  of  the 
band  for  any  substance,  two  methods  were  used.  One  was  to  take 
a  number  of  decay  curves  at  different  wave-lengths  of  the  band  and 
plot  a  curve  showing  the  intensities  at  a  fixed  time  afl^r  excitation, 
and  the  wave-lengths.  The  second  method  was  to  fix  the  axle  of 
the  phosphoroscope  so  as  to  reflect  the  light  from  the  screen  a 
certain  time  after  excitation ;  then,  by  shifting  the  telescope  of 
the  spectrophotometer,  to  determine  the  intensity  of  the  phosphores- 
cence for  the  different  wave-lengths ;  then  adjust  the  phosphoro- 
scope to  give  the  decay  at  a  later  period,  and  in  the  same  way 
measure  the  intensity  for  different  wave-lengths.  Both  of  these 
methods  gave  the  same  results,  i.  e.,  that  all  portions  of  the  band 
seemed  to  decay  at  the  same  rate.  The  curves  shown  in  Fig.  8 
are  typical  for  all  the  substances  studied. 


Fig.  8. 

Ctmre  showing  the  phosphorescent  spectrum  of  ZnCl,  no.  i,  at  different  times  after  the 

exciting  light  was  removed. 

In  none  of  the  substances  was  there  an  indication  of  a  shift  of  the 
maximum  of  the  curve  as  the  decay  went  on.  If  any  change  occurs 
during  the  decay  it  is  too  small  to  be  detected  by  the  method  used. 

Summary. 

The  most  important  points  brought  out  by  the  experiments  here 
described  may  be  briefly  stated  as  follows : 
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1.  The  decay  cun^e  when  plotted  with  the  values  of  /~^  as  ordi- 
nates  and  corresponding  values  of  /  as  abscissas  consists  of  two 
straight  lines  gradually  merging  into  each  other.  In  this  respect 
the  short-time  and  long-time  phosphorescent  compounds  seem 
to  be  similar. 

2.  The  transition  from  fluorescence  to  phosphorescence  is 
gradual,  i,  e.y  the  curve  shows  no  sign  of  discontinuity. 

3.  The  shape  of  the  decay  curve  and  the  intensity  depend  upon 
the  time  of  excitation. 

4.  The  eflfect  of  heat  treatment  is  such  as  to  change  both  the 
intensity  and  the  rate  of  decay  of  phosphorescence. 

5.  The  effect  of  infra-red  on  short  time  decay  substances,  if  it 
exists  at  all,  is  very  slight ;  but  its  effect  on  the  initial  decay  of 
sidot  blend  is  quite  marked. 

6.  The  experiments  indicate  that  all  portions  of  the  phosphor- 
escence band  present  at  ordinary  temperatures  decay  at  the  same 
rate. 

The  writer  wishes  to  express  his  gratitude  to  Professors  Nichols 

and  Mefritt  for  encouragement  and  many  valuable   suggestions 

while  this  work  was  in  progress. 

Physical  Laboratory, 
Cornell  University. 
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NEW  BOOKS. 

A  Study  of  Splashes.     By  A.  M.  Worthington.     8vo,  pp.  xii  + 

129.     London^  Longmans,  Green  and  Co.,  1908. 

Some  of  the  results  obtained  by  Mr.  Worthington  in  his  extremely 
interesting  photographic  study  of  splashes  are  ah-eady  more  or  less  familiar, 
since  papers  dealing  with  the  subject  have  appeared  in  the  Philosophical 
Transactions.  The  book  before  us  deals  with  the  subject  in  a  less  tech- 
nical way  and  is  intended  for  the  general  reader  as  well  as  for  the  ph3^i- 
cist.  The  numerous  photographs  of  splashes —  197  in  all  —  are  chosen 
for  their  beauty  as  well  as  for  their  appropriateness  in  illustrating  differ- 
ent phases  of  the  phenomena,  and  are  well  reproduced.  The  apparatus 
used  in  obtaining  the  photographs  is  described,  and  the  fundamental 
principles  involved  in  the  formation  of  splashes  are  also  briefly  but  clearly 
explained. 

The  photographs  reproduced  and  discussed  form  seventeen  series,  each 
dealing  with  the  splash  occurring  under  one  definite  set  of  conditions. 
Series  I.,  for  example,  consists  of  thirty  photographs  of  the  splash  formed 
when  a  drop  of  water  falls  into  a  mixture  of  water  and  milk.  The  suc- 
cessive stages  of  the  splash  are  shown,  from  the  instant  the  drop  strikes 
the  surface  until  the  disturbance  has  almost  subsided.  The  photographs 
are  remarkably  clear  and  enable  the  phenomena  to  be  studied  in  the 
greatest  detail.  The  photographs  of  Series  la,  showing  the  splash  of 
water  falling  into  water,  are  even  more  interesting  and  beautiful.  Other 
series  show  the  results  obtained  with  different  heights  of  fall,  by  using 
smooth  or  rough  spheres  of  various  sizes  and  materials  instead  of  drops, 
and  by  varying  the  liquid  used.  In  many  cases  a  special  arrangement  of 
apparatus  was  employed  which  allowed  the  falling  sphere  to  be  followed 
after  it  had  passed  below  the  surface.  Several  photographs  are  also 
shown  of  the  "splashes"  produced  in  armor  plate  by  the  impact  of  a 
projectile. 

E.  M. 

Varlesungen  uber  Technische  Mechanik.     By  A.  Foppl.     Vol.  V. 

8vo,  pp.  xii  +  391.     Leipzig,  Teubner,  1907. 

The  fifth  volume  of  Foppl*  s  lectures  on  Technical  Mechanics  deals 
with  "  the  mo§t  important  problems  of  the  higher  theory  of  elasticity." 
The  book  is  not  intended  as  a  text -book,  even  for  the  German  technical 
schools,  where  so  much  more  is  expected  of  the  student  along  the  lines 
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of  mathematics  and  pure  science  than  is  demanded  in  this  country.  The 
author  does  not  expect  the  student  to  read  carefully  and  consecutively, 
but  rather  to  obtain  by  rapid  reading  a  general  idea  of  the  topics  treated, 
so  as  to  be  able  to  make  use  of  the  book  later  when  special  problems 
arise.  In  other  words  the  book  is  intended  as  a  reference  book  for  those 
engaged  in  such  problems  of  design  as  require  something  more  than  the 
usual  elementary  procedure. 

The  following  titles  of  the  chapters  will  indicate  the  scope  of  the  work : 
I.,  Condition  of  Strain  and  Danger  of  Rupture ;  II.,  Theory  of  Elasticity 
in  the  Case  of  Plates;  III.,  Torsional  Elasticity  of  Prismatic  Rods  and 
Bodies  of  Revolution ;  IV.,  Bodies  of  Revolution  with  Axially  Symmetri- 
cal Loading;  Strains  Due  to  Heat;  V.,  General  Laws  for  the  Work 
Involved  in  Change  of  Form;  VL,  Various  Applications. 
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NEW  GROUPS    OF   RESIDUAL    RAYS    IN   THE  LONG- 
WAVE SPECTRUM.^ 

By  E.  F.  Nichols  and  Wiluam  S.  Day. 

THIS  paper  contains  an  account  of  the  measurement  of  the  mean 
wave-lengths  of  residual  rays  from  four  substances,  three  of 
which  have  not  been  experimented  with  before.  The  apparatus 
used  is  also  described,  including  a  Nichols  radiometer  of  recent 
pattern.  The  substances  examined  and  the  mean  wave-lengths 
found  are  as  follows  : 

Rock  salt  (sodium  chloride),  ^=52.3  // 

Ammonium  chloride,  A  =35 1.4  ^ 

Witherite  (barium  cabonate),  ^=46.0  // 

Strontianite  (strontium  carbonate),      ^=43. 2  // 

Apparatus. 

The  general  method  of  making  the  measurements  can  best  be 
explained  by  reference  to  the  accompanying  diagram,  Fig.  I ,  which 
represents  a  horizontal  plan  of  the  arrangement  of  apparatus.  A^ 
the  source  of  light,  consisted  of  a  number  of  Nernst  glowers, usually 
five,  held  in  a  porcelain  holder.  The  current  was  supplied  at  about 
a  hundred  volts  by  a  storage  battery.  Each  glower  required  from 
0.7  to  0.8  ampere. 

As  the  source  of  light  and  the  entire  apparatus  were  enclosed  in 
the  same  glass  case,  it  was  necessary  to  remove  some  of  the  heat 

^  A  paper  read  before  the  American  Physical  Society  at  the  Washington  meeting, 
April  25,  1908. 
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developed  by  the  glowers  by  means  of  a  cylindrical,  double-walled 
water-jacket  B  through  which  a  stream  of  tap-water  flowed.     The 


M, 


Fig.  1. 


M. 


dotted  lines  represent  the  path  followed  by  the  rays  examined, 
was  a  concave  silvered  mirror.     5^  and  S^  were  two  surfaces  of  the 
substance  whose  residual  rays  were  to  be  examined. 

Between  the  silvered  mirror  and  the  first  surface  there  was  a  shut- 
ter, not  shown  in  the  diagram,  which  was  operated  by  an  electro- 
magnet. By  means  of  it  the  radiations  could  be  admitted  or  shut 
off  at  will.  C  was  the  first  slit  of  a  reflecting  spectrometer  of  the 
Rubens  type.  A  real  image  of  the  glowers  was  projected  on  the 
plane  of  the  slit  by  the  mirror  M^  after  reflection  from  the  surfaces 
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5*1  and  S^  as  indicated.  M^,  the  first  spectrometer  mirror,  was  so 
adjusted  that  the  diverging  rays  from  any  point  of  the  slit  were 
rendered  parallel  after  reflection.  D  was  a  transmission  grating 
made  of  constantan  wire,  the  axis  of  the  wires  being  about  o.  5  mm. 
apart.  The  diameter  of  the  wire  itself  was  about  half  the  grating 
space,  being  0.26  mm.  This  grating  was  made  by  winding  the 
wire  on  a  rectangular  brass  frame  as  on  a  reel,  on  the  outer  edges 
of  which  grooves  had  been  cut  by  a  screw-cutting  lathe  to  receive 
the  wire.  The  wires  having  been  tightened  by  an  adjustment  in  the 
frame  for  this  purpose,  were  soldered  in  place  and  cut  away  at  the 
back.  M^  was  a  plane  silvered  mirror  standing  vertically  on  the 
prism  table  of  the  spectrometer,  the  axis  of  the  spectrometer 
lying  in  its  reflecting  surface.  It  was  by  the  angular  displacement 
of  this  mirror  that  the  angular  deviations  of  the  diffraction  spec- 
tra were  measured.  Since  any  angular  displacement  of  a  mirror 
makes  a  doubly  great  angular  displacement  of  a  reflected  ray,  it 
is  necessary  in  measuring  the  angular  deviation  of  a  diffracted 
beam,  to  turn  the  mirror  through  an  angle  equal  to  only  half 
the  actual  angular  deviation,  in  order  to  throw  the  diffracted 
image  on  the  second  slit.  M^  was  the  second  concave  silvered 
mirror  of  the  spectrometer  and  was  adjusted  to  throw  an  image 
of  the  first  slit  upon  the  second.  Both  slits  were  maintained 
throughout  the  experiments  at  a  constant  width  of  approximately 
6  mm.^  After  leaving  the  last  slit  the  radiations  fell  successively 
on  the  plane  silvered  mirror  M^  and  three  surfaces  S^,  5^,  5^,  of 
of  the  substance  under  examination,  from  which  they  diverged  un- 
til they  reached  the  concave  silvered  mirror  M^  which  finally  formed 
an  image  of  the  second  slit  on  one  vane  of  the  radiometer  R,  The 
diagram  shows  another  surface  Q,  attached  to  the  mirror  M^,  an 
arrangement  used  in  measuring  the  reflection  coefficients  of  a  num- 
ber of  substances,  not  mentioned  in  this  paper. 

There  were  two  reasons  why  the  surfaces  examined  were  divided 
into  two  groups  separated  by  the  spectrometer,  instead  of  being 
placed  in  one  group,  as  has  been  usual  heretofore.  By  this  arrange- 
ment smaller  surfaces  could  be  employed,  as  they  could  then  be 

1  Rabens  and  Ascbkinass  used  slits  of  i  cm.  width  in  their  experiments  on  rock-salt, 
and  X.6  cm.  with  syWite.     Wied.  Ann.,  65,  p.  241,  1898. 
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placed  nearer  the  points  where  the  images  were  formed,  and  it  was 
much  easier  to  secure  suitable  specimens  for  the  smaller  surfaces 
required.  The  second  reason  was  that  the  difficult  process  of  ad- 
justing the  surfaces  was  in  this  way  much  simplified.  After  five 
successive  reflections  on  surfaces  as  imperfect  as  some  of  those  used 
in  the  present  experiments,  the  visible  light  was  so  far  diminished, 
after  its  passage  through  the  spectrometer,  that  it  was  too  faint  to  be 
seen.  But  by  temporarily  replacing  S^  and  5,  by  silvered  mirrors, 
the  remaining  surfaces  5,,  S^  and  S^  were  easily  adjusted  when  the 
spectrometer  was  set  for  the  central  image  of  the  grating.  The 
visible  image  of  the  second  slit  could  thus  be  accurately  set  and 
focused  on  the  radiometer  vane  by  the  mirror  M^,  The  silvered 
mirrors  were  then  replaced  by  the  surfaces  5^  and  5,,  which  reflected 
a  visible  beam  easily  followed  through  the  spectrometer  to  the  second 
slit,  making  the  complete  adjustment  a  comparatively  easy  matter. 
Quite  a  number  of  screens  not  shown  in  the  diagram  were  used  to 
keep  stray  radiations  from  affecting  the  radiometer.  To  shield  it 
also  against  chance  drafts  of  air  of  varying  temperature,  which  would 
make  the  zero  unsteady,  it  was  enclosed  in  a  thin  box  with  two 
openings,  one  to  admit  the  beam  from  the  spectrometer,  the  other 
to  permit  the  observation  of  deflections. 

The  whole  apparatus  except  the  spectrometer  stood  on  a  wooden 
shelf,  75  cm.  by  150  cm.,  supported  by  brackets  from  the  brick 
wall  of  the  laboratory.  The  spectrometer  was  supported  on  a  stand 
which  rested  on  the  floor  of  the  laboratory.  Holes  were  cut  in  the 
shelf  for  those  parts  of  the  spectrometer  which  projected  above  it. 
By  means  of  sheet  rubber,  oil-silk  and  rubber  cement,  the  openings 
were  made  secure  against  the  admission  of  water-vapor.  The  prism 
table  could  be  rotated  and  the  divided  circles  could  be  read  from 
the  outside.  The  glass  case  referred  to  above  was  a  show  case  of 
the  same  length  and  breadth  as  the  shelf,  and  75  cm.  high.  Its 
location  is  indicated  in  Fig.  i  by  the  heavy  border  line,  the  light 
line  representing  the  edge  of  the  shelf.  It  was  mostly  supported 
by  a  cord  with  pulleys  and  a  counterweight,  so  that  it  oould  be 
raised  or  lowered  with  little  effort.  The  purpose  of  this  case  was 
to  exclude  water- vapor  from  the  path  of  the  rays  and  from  the  sur- 
faces, as  the  experiments  of  Rubens  and  Aschkinass  showed  that 
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water-vapor  absorbs  very  strongly  radiations  of  long  wave-length. 
The  air  under  the  case  was  kept  dry  by  trays  of  calcium  chloride, 
and  leakage  between  the  case  and  the  shelf  was  prevented  as  far  as 
possible  by  oil-silk  cushions  stuffed  with  cotton. 


Fig.  2. 

Radiometer. 

The  metal  work  of  the  radiometer  was  made  by  Wm.  Gaertner 
&  Co.  of  Chicago  from  the  designs  of  one  of  the  writers.  Fig.  2 
shows  its  main  features.     It  consisted  of  four  distinct  parts,  the 
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suspended  system  with  its  adjusting  mechanism,  the  main  body  of 
the  instrument,  the  glass  cover,  and  the  tripod  stand.  The  con- 
struction of  the  suspension  and  the  reasons  underlying  it  have  un- 
dergone no  essential  modification  since  the  first  radiometer  of  this 
type  was  built.^  The  dimensions  of  the  vanes  aa',  their  distances 
from  the  rotation  axis,  and  the  choice  of  the  black  material  with 
which  they  are  coated,  depend  upon  the  special  purposes  for  which 
the  radiometer  is  to  be  used.  The  suspension  in  the  present  ex- 
periments carried  vanes  about  5  mm.  long  by  1.5  mm.  wide,  their 
centers  lying  about  2.2  mm.  from  the  axis  of  rotation.  The  vanes 
were  coated  with  black  iron  oxide,  which  is  a  far  better  absorber 
for  very  long  waves  than  lamp-black. 

The  body  of  the  radiometer  consisted  of  a'  rectangular  brass 
block  of  square  section,  18  cm.  high,  and  7  cm.  broad  and  long, 
with  a  hollow  cylindrical  boring  extending  axially  from  the  top 
nearly  to  the  bottom.  Outside  underneath  was  a  cylindrical  stud, 
which  rested  in  a  corresponding  socket  in  the  tripod  base  B,  and 
was  held  in  place  by  a  screw  and  washer  underneath.  This  allowed 
an  adjustment  in  azimuth  after  the  tripod  was  permanently  fixed. 
The  tripod  base  was  provided  with  leveling  screws.  The  top  of  the 
brass  body  was  ground  plane  and  was  covered  by  a  glass  bell  also 
ground,  from  which  went  the  tube  to  the  mercury  air-pump.  Near 
the  bottom  of  the  radiometer  were  three  openings.  The  lower  one 
C  was  opposite  the  mirror  of  the  suspended  system,  and  was  cov- 
ered by  a  piece  of  plate  glass  cemented  on.  The  angular  deflec- 
tions of  the  suspended  system  were  observed  through  this  window 
by  means  of  a  telescope  and  scale.  The  plane  of  the  window  was 
tilted  so  that  the  reflections  of  the  scale  from  its  surface  should  not 
interfere  with  the  reflections  from  the  mirror.  Above  this  window, 
but  on  the  two  sides  adjacent  to  it,  were  two  opposite  openings  D 
in  front  of  the  vanes,  and  E  behind  them.  Through  the  front 
opening  passed  the  radiations  to  be  examined,  and  through  the 
other  the  vanes  could  be  inspected  and  the  visible  radiations  ad- 
justed so  as  to  fall  on  one  of  them.  This  second  opening  was  cov- 
ered by  cementing  a  piece  of  plate  glass  over  it.  The  front  open- 
ing, as  shown  at  D  in  Fig.  2,  was  arranged  so  as  to  be  near  the 
^E.  F.  Nichols,  Phys.  Rkv.,  4,  p.  297,  1897. 
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vanes,  which  hung  in  the  center  of  the  instrument.  A  glass,  rock- 
salt,  fluorite,  or  other  plate,  was  fastened  as  shown  at  the  inner  end 
of  a  short  tube  or  thimble,  suitable  rubber  washers  being  used  to 
keep  the  joints  air-tight.  This  thimble  was  screwed  into  the  radi- 
ometer and  could  be  removed  without  disturbing  the  packing  of  the 
transparent  plate,  and  another  like  it  with  a  different  plate  already 
mounted,  could  be  readily  substituted.  In  these  experiments  a 
quartz  plate  0.5  mm.  thick  was  used,  and  the  thimble  in  which  it 
was  fitted  had  a  vertical  cross-bar  in  the  center  to  support  ihe  plate 
against  the  atmospheric  pressure. 

The  adjustments  adopted  for  the  suspended  system  are  these  : 

1.  Raising  or  lowering  the  suspended  system. 

2.  Changing  the  sensitiveness  and  the  period  by  lengthening  or 
shortening  the  fiber. 

3.  Changing  the  zero.  » 

4.  Changing  the  distance  of  the  vanes  from  the  window. 

These  adjustments  were  all  provided  for  in  the  improved  radi- 
ometer, and  could  be  made  afler  the  system  was  in  position  before 
the  glass  cover  was  put  on.  The  suspension  could  be  raised  or 
lowered  by  sliding  the  split  brass  tube  F^  Fig.  2,  up  or  down  in  its 
sheath,  or  by  turning  the  milled  head  G,  which  by  means  of  an 
endless  cord  turned  the  pin  H.  On  this  pin  the  quartz  fiber  was 
wound  on  a  groove  at  the  center.  By  making  use  of  both  these 
methods  of  changing  the  height  of  the  suspension,  the  length  of  the 
fiber  could  be  changed,  and  thus  the  sensitiveness  and  period  of  the 
instrument,  without  changing  the  position  of  the  vanes  in  front  of 
the  window.  The  zero  could  be  changed  by  rotating  the  tube  F. 
The  block/,  which  held  the  tube,  had  a  forward  and  backward 
motion  in  a  slot,  and  was  moved  by  the  milled  head  K  which  ro- 
tated a  pinion  engaging  a  ratchet  attached  to  the  movable  block. 
In  this  way  the  suspension  could  be  moved  so  as  to  bring  the  vanes 
to  any  required  distance  from  the  window.  The  whole  apparatus 
for  adjusting  the  suspension  rested  on  the  ledge  Z,  and  could  be 
taken  out  at  will. 

In  the  bottom  of  the  radiometer  a  small  quantity  of  some  low- 
grade  radioactive  salt  was  scattered.  This  was  for  the  purpose  of 
removing  any  static  charges  on  the  suspension  caused  by  accidental 
contact  with  the  window  or  other  part  of  the  instrument. 
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The  radiometer  was  continuously  connected  with  a  mercury  air- 
pump  throughout  the  experiments,  and  the  pressure  kept  at  from 
0.04  mm.  to  about  0.08  mm.  of  mercury  while  observations 
were  being  made. 

The  flange  of  the  glass  cover  and  the  stop-cocks  were  smeared 
with  Ramsay's  preparation  made  by  melting  together  equal  parts  by 
weight  of  vaseline,  paraffine  and  soft  rubber.^ 

Observations  and  Measurements. 

The  wire  transmission  grating  already  referred  to,  was  calibrated 
optically  with  sodium  light,  and  also  by  linear  measurements  on  a 
dividing  engine.  In  the  optical  calibration  the  grating  was  placed 
on  a  spectrometer  and  adjusted.  Proceeding  outward  on  either  hand 
from  the  central  image,  only  spectra  of  the  odd-numbered  orders  at 
first  appeared.  Later  the  even-numbered  spectra  of  higher  orders 
were  seen,  at  first  faintly  but  with  increasing  intensity,  until  after 
the  eleventh  order,  spectra  of  even  orders  were  more  intense  than 
those  of  the  odd.  For  purposes  of  optical  calibration  the  deviation 
of  the  spectrum  of  the  i6th  order  was  employed.  The  grating 
constant  deduced  from  these  observations  was  0.5081  mm.  The 
grating  was  afterward  placed  on  a  dividing  engine  and  the  space 
occupied  by  40  wires  measured.  The  grating  constant  thus  deduced 
was  0.5083  mm.  A  mean  value,  0.5082  mm.,  was  used  in  the  com- 
putations. 

In  making  a  measurement  of  the  mean  wave-length  of  residual 
radiations,  after  the  spectrometer  and  surfaces  had  been  adjusted  as 
previously  described,  measurements  of  the  energy  of  radiation  as 
indicated  by  the  radiometer  were  made,  first  with  settings  of  the 
spectrometer  in  the  neighborhood  of  the  central  image  at  intervals 
of  about  10'  or  15'  as  read  on  the  divided  circle.  A  single  obser- 
vation consisted  of  three  readings,  first  a  reading  of  the  scale  when 
the  radiometer  suspension  was  at  rest,  then,  the  shutter  being  held 
open  until  the  full  deflection  was  reached,  a  second  reading  was  taken 
and  the  shutter  closed ;  finally  the  point  to  which  the  index  returned 
was  noted  as  the  third  reading.  The  deflection  corresponding  to 
these  three  readings  was  taken  to  be  the  difference  between  the 
second  reading  and  the  mean  of  the  first  and  third.     The  number 

1  Any  grease  or  wax  surface  is  rendered  much  more  impenrious  to  the  passage  of  air 
if  glazed  by  passing  a  hot  rod  OTer  it. 
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thus  obtained  was  considered  as  a  single  observation,  and  the  mean 
of  several  such  observations  gave  the  ordinate  of  a  point  on  the 
energy  curve,  as  shown  in  the  curves  in  Figs.  3  and  4. 

After  obtaining  points  in  this  way  for  the  central  image,  the  ap- 
proximate location  of  the  maxima  of  the  two  spectra  of  the  first 
order  was  determined  by  preliminary  observations,  and  then  a  series 
of  observations  was  made  in  the  neighborhood  of  each  of  the  diffrac- 
tion images  beginning  either  at  the  maximum  and  taking  points 
alternately  on  opposite  sides  about  10'  apart  until  the  base  of  the 
image  was  reached,  or  beginning  similarly  at  the  base  and  approach- 
ing the  maximum  by  taking  points  alternately  on  opposite  sides. 
From  each  set  of  observations  of  this  kind  for  any  one  substance, 
curves  were  drawn  as  shown  in  Figs.  3  and  4.  The  curve  repre- 
senting the  central  image  and  the  location  of  its  maximum  were  of 
comparatively  small  importance.  In  drawing  the  curves  representing 
the  distribution  of  energy  in  the  diffraction  spectra,  the  observed 
points  were  plotted  and  connected  by  a  smooth  curve,  the  position 
of  the  maximum  of  which  was  taken  as  the  position  of  maximum 
energy.  The  positions  of  these  maxima  are  however  subject  to  a 
possible  correction  owing  to  the  increasing  transmission  with  increas- 
ing wave-length  of  the  quartz  window  of  tlie  radiometer  in  this  region 
of  the  spectrum.  Quartz  is  known  to  be  quite  opaque  between  4.  S  /t« 
and  24.4  /C£.  Farther  out  it  becomes  more  and  more  transparent  for  in- 
creasing wave-lengths.  This  changing  transmission  may  have  the 
effect  of  distorting  to  some  extent  the  shape  of  the  curves  by  short- 
ening the  ordinates  on  the  short  wave  side.  The  effect  of  such  an 
error  would  be  to  shift  the  maxima  to  longer  wave-lengths.  Meas- 
urements of  the  transmission  of  a  thin  quartz  plate,  which  was  about 
79  per  cent,  for  ^  as  52  /i,  71  per  cent,  for  ^  =  46;/  and  61  per  cent, 
for  ^  3s  43  /I,  show  that  this  error  is  small. 

The  difference  between  the  spectrometer  readings  of  the  diffrac- 
tion maxima  on  each  side  of  the  central  image  was  taken  as  the 
true  deviation,  on  account  of  the  doubling  due  to  the  plane  mirror 
already  referred  to.  In  this  way  the  wave-length  was  calculated 
by  means  of  the  formula 

where  n  » the  order  of  the  spectrum,  in  this  case  always  i. 
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k  » the  wave-length, 

a  =  the  grating  constant  s  0.5082  mm., 

0  ss  the  angle  of  deviation. 

Three  complete  sets  of  measurements  were  made  with  rock-salt, 
the  first  two  with  an  earlier  arrangement  of  apparatus  that  had  no 
provision  for  the  exclusion  of  water-vapor  from  the  path  of  the 
radiations.  The  three  values  of  the  mean  wave-length  obtained 
were  51.7/i,  52.9 /i  and  52.4 /i.     The  mean  of  these  values  was 
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52.3  /i.  The  third  observation  should  be  given  the  greatest  weight 
as  a  better  arrangement  of  the  apparatus  gave  more  than  twice  the 
radiometer  deflection  obtained  in  the  first  two.  The  mean  of  the 
first  two,  however,  happens  to  be  very  close  to  the  third. 

Rubens  and  Aschkinass  with  an  arrangement  less  favorable  for 
getting  good  deflections,  and  with  a  slit  width  in  the  spectrometer 
of  I  cm.  found  5 1.2  /i  for  the  mean  wave-length  of  these  residual  rays. 
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Three  sets  of  experiments  were  made  with  the  mineral  witherite, 
which  is  barium  carbonate.  The  first  set  was  made  with  the  prelimi- 
nary arrangement  of  apparatus  mentioned  above,  but  the  other  two 
after  the  adoption  of  the  glass  case  covering  the  whole  apparatus. 
The  values  obtained  for  the  mean  wave-length  were  45.0  /t£, 
46.8  fi  and  46.2  /I,  the  mean  of  the  three  being  46.0  (jl.  It  is  prob- 
able that  more  weight  should  be  given  to  the  last  two  sets.  The 
mean  of  these  two  alone  is  46.5 /i.  Witherite  has  at  least  one 
other  group  of  residual  rays  beside  the  one  given  above,  and  for 
this  reason  the  central  image  has  a  very  large  amount  of  energy 
compared  with  th^t  in  the  diffraction  spectrum  of  the  first  order,  as 
is  shown  in  the  curve  in  Fig.  3,  which  represents  a  single  set  of 
observations.  It  would  be  even  greater  than  is  shown  by  the  curve 
if  it  were  not  for  the  heavy  absorption  by  the  quartz  radiometer 
window  at  this  point.*  The  curve  shows  indications  of  the  diffrac- 
tion spectrum  of  the  third  order  for  these  other  residual  rays  at 
6.86 /i  measured  by  L.  B.  Morse.*  The  presence  of  much  shorter 
wave-lengths  in  the  central  image  is  shown  by  the  fact  that  about 
58  per  cent,  of  the  energy  of  the  central  image,  so  far  as  is  indicated 
by  the  radiometer,  is  transmitted  through  a  sylvite  plate  5  mm.  thick. 
In  the  diffraction  image  the  total  amount  of  energy  was  so 
small  that  the  percentage  transmitted  by  the  sylvite  plate  could  not 
be  determined,  but  if  there  were  any  it  was  less  than  8  per  cent. 
This  was  to  be  expected  from  the  known  absorption  of  sylvite 
which  is  heavy  beyond  20  fx. 

Four  sets  of  observations  were  made  with  ammonium  chloride, 
all  under  the  improved  arrangement  of  apparatus.  The  surfaces 
were  prepared  from  the  large  solid  masses  of  crystals  of  commer- 
cial sal-ammoniac.  The  values  obtained  for  the  mean  wave-length 
were  as  follows ;  S  1.2  /i,  S  1.7  /i,  5 1.4/i,  S  1.4  Z'.  The  mean  value  is 
5 1.4 /I.  The  energy  of  the  central  image  was  mostly  in  waves  of 
this  wave-length  as  only  about  1 3  per  cent,  of  it  was  transmitted 
through  a  sylvite  plate  5  mm.  thick. 

Three  sets  of  observations  were  made  with  the  mineral  strontian- 
ite  (strontium  carbonate).    The  values  obtained  for  the  mean  wave- 

lE.  F.  Nichols,  Phys.  Rev.,  4,  p.  297, 1897. 
•L.  B.  Morse,  Astroph.  Jour.,  26,  p.  225,  1907. 
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length  were:  43.1  A*,  43-7 A'* 42-7 A*,  the  mean  of  the  three  being 
43.2  /i. 

Attention  should  be  called  to  the  fact  that  the  three  chlorides 
whose  residual  rays  are  known,  potassium  chloride,  sodium  chlo- 
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ride,  and  ammonium  chloride,  have  bases  whose  atomic  weights,  39, 
23  and  18,  lie  in  the  same  order  as  the  wave-lengths,  61. i  fi,  52.3  fi 
and  S 1 .4 )".  In  the  light  of  recent  experiments  by  Pfund,^  Coblentz  ^ 
and  Morse  '  this  series  points  to  chlorine  as  the  active  ion  in  the  long- 
wave spectrum  of  the  chlorides,  and  casts  doubt  upon  Aschkinass's  * 

^  A.  H.  Pfund,  Astzopbys.  Jour.,  24,  p.  19,  1906. 

•  W.  W.  Coblentz,  Jahr.  d.  Radioakt.  u.  Electron.,  4,  pp.  7-78,  1907. 

•L.  B.  Morse,  Astrophys.  Jour.,  26,  p.  225,  1907. 

^E.  Ascbkinass,  Ann.  Phys.,  i,  p.  42,  1900. 
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earlier  surmise  which  made  sodium  and  potassium  the  active  ions  in 
sodium  and  potassium  chlorides  in  this  remote  region  of  the  infra- 
red spectrum.  The  wave-lengths  of  the  residual  rays  from  stron- 
tium and  barium  carbonates  also  lie  in  the  order  of  the  atomic  weights 
of  the  respective  bases. 

The  writers  take  pleasure  in  acknowledging  their  indebtedness  to 
Dr.  S.  R.  Williams  and  Mr.  C.  S.  Brainin  for  their  assistance  in 
helping  with  some  of  the  observations,  and  to  Mr.  Ernst  Werndl 
for  the  drawings  of  the  radiometer. 

Phcenix  Physical  Laboratories, 

Columbia  University,  New  York,  June,  1908. 
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SOME   ELECTRICAL   PROPERTIES   OF  SILICON. 
By  Fhances  G.  "Wick. 

IV.  The  Electro-Motive  Force  of  Cells   in  which  Silicon 
Forms  One  Electrode. 

THE  fourth  paper  of  this  series  ^  upon  the  silicon  produced  by  the 
Carborundum  Company  consists  of  a  consideration  of  the 
action  of  this  substance  as  one  of  the  electrodes  of  a  voltaic  cell  in 
combination  with  various  metals  and  electrolytes. 

Simple  cells  were  made  up  of  the  two  electrodes  supported  in 
such  a  way  that  they  dipped  into  an  electrolyte  which  was  con- 
tained in  a  small  beaker. 

The  connections  to  the  silicon  rod  were  made  by  fine  copper  wire 
closely  wrapped  around  the  rod  or  by  copper  plating  the  silicon  and 
soldering  a  connection  to  this.  For  the  measurement  of  E.M.F.  on 
open  circuit,  the  kind  of  connection  was  not  important.  For  cells 
to  which  various  battery  tests  were  applied,  the  soldered  contacts 
were  used  since  they  gave  a  resistance  which  was  less  variable. 

In  these  experiments  a  number  of  different  rods  were  used.  One 
lot  was  about  3  mm.  in  diameter  cast  by  Mr.  Heath.  The  thermo- 
electric power  and  resistance  of  this  same  set  of  specimens  had  been 
measured  as  described  in  previous  papers.  The  other  rods  used 
were  cast  by  the  author  from  silicon  sent  in  bulk  by  the  Carbo- 
rundum Company.  The  material,  contained  in  a  graphite  crucible, 
was  fused  in  a  resistance  furnace  and  poured  into  split  graphite 
moulds  about  6  mm.  in  diameter. 

Cells  were  made  up  of  various  combinations  with  silicon  and  the 
E.M.F.  on  open  circuit  measured.  At  first  a  potentiometer  was 
used  for  this  purpose  but  subsequent  experiments,  showing  that  some 
of  the  cells  polarize  quickly,  indicated  that  the  E.M.F.  might  change 
slightly  even  in  the  short  time  required  for  making  settings  of  the 

1  Wick,  Frances  G.,  Phys.  Rev.,  Vol.  XXV.,  No.  5,  Vol.  XXVII.,  No.  i.  Vol. 
XXVII.,  No.  2. 
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potentiometer.  For  this  reason  a  different  method,  which  consisted 
of  the  chaise  and  discharge  of  a  standard  condenser,  was  employed. 
This  method  was  rapid  and  also  possessed  sufficient  accuracy. 

A  standard  mica  condenser  whose  capacity  could  be  varied 
from  .  I  to  I  microfarad  was  connected  with  a  sensitive  Sullivan  gal- 
van9meter  of  about  1,100  ohms  resistance  as  shown  in  Fig.  i.    The 


<£^ 
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— '[ 

Figl. 

condenser  was  charged   from   the   standard   cell  and  discharged 

through  the  galvanometer  by  means  of  a  double  throw  switch.    The 

same  process  was  repeated,  substituting  the  cell  to  be  tested  for  the 

standard  cell.     The  electromotive  forces  were  in  the  same  ratio  as 

the  deflections  produced  so  long  as  these  deflections  were  not  widely 

different.     The  deflections  are  approximately  proportional  to  the 

quantity  of  electricity  discharged  through  the  galvanometer  and 

this  is  proportional  to  the  electromotive  force  of  the  cell  charging 

the  condenser. 

Table  I. 


Polarity. 

B.M.P.  Generated  with  Silicon  Roda 

BUctrolsrte. 

R1«etro<lA 

+ 

- 

8I1 

Si. 

8i. 

Si* 

Si. 

Si. 

Si. 

10  per  cent.  H^SO^ 

TXnc  (amalga- 

Si 

Zn 

L303 

1.039 

1.055 

1.349 

1.039 

1.137 

1.220 

" 

mated) 

1      • 

Tin 

Si 

Sn 

.7858 

.5273 

.5222    .853i;    .5170    .5842'   .7341 

Lead 

Si 

Pb 

.9564    .5067    .5273 

1 

Aluminum 

Si 

Al 

.5997    .4787    .4033 

.4601 

.4467    .4912    .7135 

Copper 

Si 

Cu 

.37        .0129    .0776 

.0931 

.1241'    .1344,' 

SiWer 

? 

? 

+.4758 -.0778 -.0373 

-.0591 

-.1151 

Carbon 

C 

Si 

.0569    .2999 

.2663 

.2792 

.1861 

.2688    .0533 

Platinum 

Pt 

Si 

.4188 

.4912    .2*20 

Potasnom  bichromate 

Zinc 

Si 

Zn 

1.9 

1.698 

1.9 

1.908 

1.852 

1.86      1.868 

solution 

CuSO^ 

Cu 

Si 

Cu 

.2378 
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In  order  to  compare  different  specimens  of  silicon  in  the  same 
cell  successive  measurements  were  made  with  a  number  of  different 
rods  varying  from  3  to  30  cm.  in  length. 

Table  I.  gives  the  results  obtained  by  the  condenser  method. 
Specimens  numbered  i  to  5  were  of  the  lot  cast  by  Mr.  Heath. 
Specimens  6  and  7  were  rods  fused  and  cast  by  the  author. 

Results  obtained  by  the  potentiometer  method  are  given  in 
Table  II. 

Table  II. 


Electrolyte. 

Electrode. 

Polarity. 

B.M.P.  in  Volte  for  Silicon 
Rode. 

+ 

— 

Rod  A. 

RodB. 

RodC. 

10  per  cent  H^SO^ 

Zinc 

Si 

Zn 

L047 

It           it         it 

Aluminum 

Si 

Al 

.4833 

.4230 

ti             n          it 

Copper 

Si 

Cu 

.6625 

.4790 

it             ti          tt 

Carbon 

C 

Si 

.3360 

.2480 

.2391 

Potassium  bichromate  solution 

Tin 

Si 

Sn 

1.225 

Lead 

Si 

Pb 

.6442 

.5213 

.6170 

Aluminum 

Si 

AI 

.8147 

.7396 

.7671 

Nickel 

Si 

Ni 

.5420 

Copper 

Si 

Cu 

.8305 

.7930 

.8728 

Carbon 

c 

Si 

.1025 

.1433 

.1336 

Platinum 

Pt 

Si 

.4063 

.3861 

Cells  were  also  made  of  fused  electrolytes  and  the  electro-motive 
force  measured  on  a  milli voltmeter  with  1,000  ohms  in  series  with  it 
The  results  are  given  in  Table  III. 


Table  III. 


Pueed 

Electrode. 

Polarity. 

E.M.P.  in  Volte. 

+ 

- 

KOH 
NaOH 

Na,CO„  K,SiF, 
Na^COj,  K,SiF, 

Copper 
Copper 
Copper 
Platinum 

Cu 
Cu 
Cu 
Pt 

Si 
Si 
Si 
Si 

.7 
.4 

.493 
.6 

To  measure  the  potential  difference  between  a  single  electrode 
and  an  electrolyte  a  mercury  calomel  cell  of  the  form  shown  in  Fig. 
2  was  used  in  the  manner  described  by  Ostwald.^     Mercury  was 

*  Ostwald,  Wilhelm,  Physico-Chemical  Measurements. 
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placed  in  the  bottom  of  a  bottle  and  connection  to  it  was  made  by 
means  of  a  platinum  wire  sealed  into  the  glass.  Above  the  mer- 
cury was  placed  a  layer  of  calomel  and  the  bottle  was  filled  up 
with  a  normal  solution  of  potassium  chloride.     Connection   was 


Fig.  2. 

made  by  means  of  glass  and  rubber  tubing  to  a  test-tube  contain- 
ing a  silicon  rod  which  dipped  into  a  small  portion  of  the  electro- 
lyte under  consideration.  The  connecting  tube  was  filled  with  KCl, 
the  pinch  cock  P  being  closed  when  the  cell  was  not  in  use. 

The  potential  difference  between  the  mercury  and  potassium 
chloride  is  known  to  be  .56  volt,  the  mercury  being  -|-  and  the 
KCl  — .  This  amount,  due  regard  being  paid  to  signs,  was  deducted 
from  the  E.M.F.  of  the  combined  electrodes  and  electrolytes  to  get 
the  E.M.F.  between  silicon  and  the  electrolyte  in  which  it  was  im- 
mersed. 

Table  IV. 

E.M.F,  between  Si  and  Electrolytes, 


Blectrol3rte. 

Polarity. 

Total 
B.M.P. 
of  Cell. 

B.M.P. 

between 

Hff  and  KCl. 

B.M.P.  between 

+ 

__ 

Blectrolyte. 

Potassium  bichromate  solution 

Si 

Hg 

.87 

.56 

.21 

Concentrated  KOH 

Hg 

Si 

.2087 

.56 

-.7687 

Dilute  KOH 

Hg 

Si 

.1522 

.56 

-.7122 

Very  dilute  KOH 

Hg 

Si 

.1128 

.56 

-.6728 

Cone.  NaOH 

Hg 

Si 

.3735 

.56 

-.9335 

Dilute  NaOH 

Hg 

Si 

.1845 

.56 

-.7445 

Cone.  NH,a 

Hg 

Si 

.1499 

.56 

-.7099 
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Table  IV.  gives  some  results  thus  obtained  for  different  electro- 
lytes. 

An  attempt  was  made  to  observe  the  effect  of  change  in  tempera- 
ture of  the  silicon  and  its  electrolyte,  keeping  the  bottle  containing 
the  mercury  at  constant  temperature.  The  temperature  of  the  test- 
tube  (II.,  Fig.  2)  and  its  contents  was  changed  by  means  of  a  water 
bath.     The  results  for  several  rods  are  given  in  Table  V. 

Ta^le  V. 

Temperature  Coefficient y  1.  ^.,  Change  in  E.M,F.  per  Degree  between  Silicon 
and  10  Per  Cent,  H^SO^. 


Silicon  Rod. 

Temperature 

B.M.P.. 

Temperature 

K.M.F.. 

Temperature 
Coemcient. 

Specimen     I. 

II. 

III. 

IV. 

86** 
94 
90.5 
44 

.1890 
.1792 
.1292 
.1843 

18 

3 
18 

4.8 

.0755 
.0963 
.0307 
.0945 

.00167 
.00091 
.00136 
.00229 

I.  and  II.  were  rods  3  mm.  in  diameter  cast  by  Mr.  Heath.  III.  and 
IV.  were  rods  6  mm.  in  diameter  cast  by  the  author.  For  several 
rods  the  variation  in  E.M.F.  from  0°  to  100°  was  measured  at  close 
intervals  of  temperature.     The   curves  were  not  smooth  and  the 


Fig.  3.     Effect  of  changing   temperature  of  cell  connected  to  the   mercury  calomel 

element. 
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results  are  unsatisfactory.  Some  small  irregularities  are,  perhaps, 
due  to  the  high  thermo-electric  power  of  a  copper-silicon  junction 
which  is  from  380  to  400  microvolts  through  the  range  of  temper- 
ature used.  The  chief  source  of  error  was  probably  polarization 
of  the  cell  while  potentiometer  settings  were  being  made.  An 
attempt  was  made  later  to  check  up  this  method  by  the  condenser 
method  but  the  silicon  rod  used  originally  was  not  available  and 
the  magnitude  of  the  results  with  another  rod  did  not  check.  The 
direction  of  the  change  due  to  temperature  difference  was  the  same. 
The  position  of  silicon  in  the  list  of  metals  in  order  as  they  are 
positive  or  negative  with  reference  to  each  other  in  an  electrolyte  of 
dilute  sulphuric  acid  is  given  below  beginning  with  the  most  negative. 

Amalgamated  zinc,  Antimony, 

Zinc,  Bismuth, 

Cadmium,  Copper, 

Iron,  Silicon  ^ 

Tin,  Silver, 

Lead,  Silicon, 

Aluminum,  Carbon^ 

Nickel,  Platinum. 

Silicon  and  carbon  have  been  inserted  from  the  data  given  in 
Table  I.  It  will  be  observed  that  some  specimens  of  silicon  are 
negative  with  respect  to  silver  and  some  are  positive. 

Silicon  may  be  made  to  serve  as  a  negative  pole  with  zinc,  giving 
the  highest  possible  E.M.F.  and  as  a  positive  pole  with  platinum, 
giving  an  E.M.F.  which  is  not  so  high. 
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Fig.  4. 
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Some  of  the  ordinary  battery  tests  were  applied  to  cells  made 
of  silicon  and  zinc,  and  silicon  and  platinum.  These  tests  include 
the  measurement  of  electromotive  force,  polarization,  recovery  from 
polarization,  current  and  internal  resistance.  All  measurements  nec- 
essary were  made  by  the  condenser  method  described  by  Carhart.^ 

The  total  E.M.F.  of  the  cell  was  obtained  in  the  way  described 
above  by  charging  the  condenser  from  the  cell  and  discharging  it 
through  the  galvanometer,  the  key  K'  being  open  (Fig.  4).  The 
fall  of  potential  around  a  known  external  resistance  R  was  meas- 
ured by  charging  and  discharging  the  condenser  with  the  key  K' 
closed.  If  £'and  E'  represent  the  total  E.M.F.  of  the  cell  and  the 
fall  of  potential  around  the  resistance  R  and  r  represents  the  in- 
ternal resistance  of  the  cell.     Then 

E\E  \\r^R\R, 

To  obtain  the  curves  of  polarization,  recovery,  internal  resistance 
and  current,  the  operations  of  finding  E  and  E'  were  repeated  alter- 
nately at  intervals  of  about  two  minutes  keeping  K'  closed  except 

for  the  short  time  required  to  charge 
the  condenser  in  finding  E,  For  the 
curve  of  polarization,  K'  was  perma- 
nently opened  and  E  determined  at  short 
^^^  intervals.  The  curve  of  current  was 
obtained  by  dividing  the  terminal  poten- 
tial difference  at  the  time  of  observation 
by  the  constant  external  resistance  R, 
Pig.  5.  A  cell  was  made  up  as  indicated  in  Fig. 

5.     An  ordinary  amalgamated  zinc  bat- 
tery rod  about  8  mm.  in  diameter  and  a  silicon  rod  of  3  mm.  pro- 
jected 5.3  cm.  into  an  electrolyte  at  a  distance  apart  of  about  3  cm. 
A  set  of  curves  for  such  a  cell  in  which  the  electrolyte  was  ten 
per  cent,  sulphuric  acid  is  given  in  Fig.  6. 

The  internal  resistance  is  large,  as  might  be  expected,  since  the 
silicon  rod  is  small  and  is  a  very  poor  conductor  of  electricity. 

'  Carhart,  Primary  Batteries. 
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The  curve  indicates  rapid  polarization  and  equally  rapid  depolar- 
ization. To  eliminate  this  effect  oxidizing  agents  were  employed. 
For  the  next  test,  the  cell  was  made  up  just  as  before  except  that 


Fig.  6.  Silicon  and  amalgamated  zinc  electrodes  in  dilute  sulphuric  acid.  ^  ^  50 
ohms.  Curve  i  =  current ;  2  =  terminal  potential  difference  ;  3  =  internal  resistance  ; 
4  =  polarization  ;  5  =:  recovery. 

the  sulphuric  acid  was  replaced  by  a  potassium  bichromate  solution. 
This  had  the  same  composition  as  that  used  in  all  the  previous  tests. 

KAaOr 77.Sg. 

HjSO, 78.5  c.c. 

HjO 750.0  c.c. 

Fig.  7  shows  that  this  electrolyte  produces  a  much  higher 
E.M.F.  with  lower  internal  resistance  and  the  cell  is  almost  free 
from  polarization.  The  external  resistance  during  this  test  was  30 
ohms. 

Fig.  8  shows  the  results  obtained  from  the  same  cell  with  an 
external  resistance  of  5  ohms.  In  this  case  there  is  slight  polariza- 
tion but  the  recovery  is  very  rapid. 

The  effect  of  nitric  acid  as  a  depolarizer  is  shown  in  Fig.  9.  A 
cell  was  made  up  of  a  silicon  rod  in  a  porous  cup  of  strong  nitric 
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Fig.  7.  Silicon  and  amalgamated  zinc  rods  in  potassium  bichromate  solution.  R 
-=  30  ohms.  Curve  i  :=  current ;  2  =  terminal  potential  difference ;  3  ^  internal  resist- 
ance ;  4  •=  polarization  ;  5  :=  recovery. 

acid  inside  a  jar  containing  a  solution  of  dilute  sulphuric  acid  in 
which  the  zinc  rod  was  placed.  The  internal  resistance  of  this  com- 
bination is  not  comparable  with  the  others  because  a  different  cell 
had  to  be  used  with  different  distances  between  the  electrodes.  The 
E.M.F.  was  a  little  less  than  that  of  the  potassium  bichromate  cell. 
There  was  no  polarization.  The  cell  increased  in  E.M.F.  slightly 
when  the  circuit  was  opetied  but  there  seemed  to  be  no  decrease 
when  the  circuit  was  closed  initially. 

Similar  observations  were  made  upon  cells  with  silicon  and  plati- 
num electrodes.  In  these,  the  silicon  acts  as  the  negative  electrode 
and  the  direction  of  the  current  is  just  the  reverse  of  that  in  the 
silicon  zinc  cells.  The  polarization  curve  of  a  silicon-platinum 
electrode  in  dilute  sulphuric  acid  is  given  in  Fig.  10. 

The  E.M.F.  is  small  and  the  polarization  causes  it  to  drop  very 
rapidly  to  a  small  per  cent,  of  its  original  value.  The  recovery  is 
much  slower.  The  external  resistance  {R)  was  500  ohms.  The 
internal  resistance  was  about  4,000  ohms  at  first  and  increased  to 
such  an  extent  that  it  could  not  easily  be  accurately  measured.  The 
effect  of  using  a  potassium  bichromate  solution  is  shown  in  Fig.  1 1. 

The  E.M.F.  is  greatly  increased  and  the  polarization  decreased. 
The  internal  resistance  is  also  much  less. 
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Fi|^.  8.  Silicon  and  amalgamated  zinc  electrodes  in  potassium  bichromate.  R  "=  S 
ohms.  Curve  I  =^  current ;  2  ^  terminal  P.D.  ;  3  :^  internal  resistance ;  4  =  polariza- 
tion ;  5  =  recovery. 


Fig.  9.  Silicon  in  porous  cup  containing  strong  nitric  acid.  Amalgamated  zinc  in 
dilute  sulphuric  acid,  i?  =  30  ohms.  Curve  i  =  current ;  2  =  internal  resistance  ; 
3  =  terminal  P.  D.  ;  4  =.  polarization  ;  5  ^=  recovery. 
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Fig.  10.  Silicon  and  platinum  electrodes  in  dilute  sulphuric  acid.  ^  =  30  ohms. 
Curve  I  =■  polarization  ;  2  =  recovery. 

Fig.  1 2  shows  the  effect  of  using  nitric  acid  as  a  depolarizer.  The 
platinum  electrode  was  placed  in  the  porous  cup  containing  strong 
nitric  acid  and  the  silicon  in  dilute  sulphuric  acid. 

The  circuit  was  closed  through  30  ohms  resistance.  The  E.M.F. 
was  higher  than  in  the  other  two  cells  but  a  different  silicon  rod  was 
used  making  the  results  not  exactly  comparable.  Polarization  took 
place  rapidly  but  recovery  was  also  rapid  and  complete. 

The  results  of  these  experiments  do  not  indicate  that  silicon  has 
any  great  value  as  one  electrode  of  a  voltaic  battery.  In  generat- 
ing E.M.F.  it  has  practically  the  same  effect  as  carbon.  It  has, 
however,  the  disadvantage  of  a  higher  resistance  which  reduces 
the  available  current.      Various  physical  characteristics  make  the 
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manipulation  of  silicon  so  difficult  as  to  discourage  attempts  to  use 
it  for  practical  purposes. 


(X4 


Minutes. 
Fig.  1 1 .     Silicon  and  platinum  electrodes  in  potassium  bichromate  solution.     R  =  500 
ohms.     Curve  i  =  current ;  2  -■=  terminal  P.  D. ;  3  ^  internal  resistance ;  4  -=  polarization ; 
5  =  recovery.    . 

This  paper  is  the  last  of  a  series  describing  a  study  of  silicon  under- 
taken at  the  suggestion  of  Professors  Nichols  and  Merritt.     To  them 


(X4 


Minutes. 
Fig.  12.     Silicon  and  platinum  electrodes  in  dilute  sulphuric  acid.     ^==30  ohms. 
Curve  I  ■=  polarization  ;  2  :=  recovery. 

the  author  wishes  to  express  her  gratitude  for  their  kindly  encourage- 
ment and  many  helpful  suggestions. 

Physical  Laboratory, 
Cornell  University. 
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A  CONVENIENT  FORM  OF  GALVANOMETER  WITH 
MAGNETIC  SHIELDING.' 

By  E.  F.  Nichols  and  S.  R.  Williams. 

THE  progress  toward  increased  sensitiveness  of  galvanometers  of 
the  Thomson  type  which  has  been  made  by  Paschen,*  Menden- 
hall  and  Waidner/  Abbott/  and  others  has  realized  nearly  all  that  can 
reasonably  be  expected  from  galvanometers  of  this  pattern.  The  art 
of  shielding  such  instruments  against  magnetic  disturbances  from 
without  has  not,  however,  advanced  beyond  the  stage  where  very 
considerable  improvement  is  likely. 

The  problem  of  magnetic  shielding  presents  many  difficulties 
from  the  mathematical  side,  and  yields  only  approximate  solutions. 
If,  however,  the  shielded  space  be  given,  togther  with  the  room 
occupied  by  the  shielding  device.  Wills*  has  shown  the  best 
conditions  for  three  concentric  hollow  spheres  or  cylinders  will 
be  obtained  when  the  inner  and  outer  radii  of  the  successive  shells, 
and  the  air  spaces  separating  them,  advance  outward  in  the  same 
geometric  progression.  Spherical  shells  without  holes  or  joints 
would  give  the  highest  shielding  ratios,  but  as  this  condition  cannot 
be  fulfilled  in  construction  and  long  hollow  cylinders  prove  at  once 
effective  and  workable,  this  latter  form  of  shielding  has  been 
adopted. 

In  designing  the  magnetic  shields  to  be  described,  the  following 
general  considerations  have  been  kept  in  mind  : 

1.  The  shields  should  be  symmetrically  disposed  about  the  center 
of  the  needle  systems  which  should  be  brought  as  near  together  as 
conveniently  possible. 

2.  The  shields  should  be  uniform  and  free  from  flaws,  borings  or 

lateral  openings. 

'  This  galvanometer  was  described  and  exhibited  to  the  Physical  Society,  December 
29,  1906. 

*F.  Paschen,  Zeitschriften  filr  Instnimentenkunde,  13,  13,  1893. 
'Mendenhall  and  Waidner,  Am.  Jour.  Sci.  (4),  12,    259,  1901. 
*  C.  G.  Abbott,  Astrophys.  Jour.,  18,  1903. 
6  A.  P.  Wills,  Phys.  Rev.,  XXIV.,  243,  1907. 
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3.  If  long  unbroken  shields  were  to  be  used,  either  some  com- 
plicated system  of  prisms  or  mirrors  must  be  devised  to  get  the  light 
from  the  scale  in  and  out  of  the  top  of  the  shields,  which  seemed 
difficult,  or  the  scale  reading  mirror  must  be  placed  well  above  or 
below  the  needles  on  the  end  of  a  much  elongated  rotation  axis. 
For  sensitiveness  combined  with  short  period  the  needles  should 
be  very  light.  Hence,  if  the  rotation  axis  is  other  than  a  very 
fine  and  absolutely  straight  rod,  the  increase  of  the  moment  of 
inertia  due  to  its  mass  and  wandering  shape  will  more  than  neu- 
tralize all  the  advantage  gained  by. light  needles. 

After  many  trials  we  abandoned  hope  of  drawing  a  whip  of  glass 
at  once  sufficiently  fine  and  straight  for  the  purpose.  We  found  it 
possible,  however,  to  straighten  a  fine  quartz  rod  by  setting  the  top 
of  it  firmly  in  a  clamp,  attaching  a  small  weight  to  the  bottom,  and 
stroking  it  up  and  down  with  a  yellow  gas  flame.  The  rod  was 
thus  at  once  softened,  stretched  straight,  and  annealed.  Rods 
after  this  treatment  were  apparently  perfectly  straight. 

The  Galvanometer  Frame. 

The  details  of  construction  of  the  galvanometer  are  shown  in 
the  diagrams,  Figs,  i,  2  and  3.  The  upright  A  was  made  from  a 
solid  round  brass  rod,  sawed  through  the  axis,  and  the  surfaces 
carefully  faced,  leaving  elevations  and  depressions  ed  for  hinges. 
A  slot  ntn  along  the  axis  was  cut  out  to  receive  the  suspension  abc. 
The  halves  were  then  firmly  fastened  together  and  turned  down  to 
a  diameter  of  3.8  centimeters,  and  a  screw-thread  turned  on  the 
lower  end  to  attach  it  to  the  circular  hard  rubber  base  B.  Just 
above  this  screw  one  of  the  halves  was  sawed  through  in  a  plane 
normal  to  the  axis.  This  half  of  the  rod  was  hinged  to  the  other 
and  served  as  a  door.  The  rounded  surfaces  of  both  halves  were 
milled  out  at/,  as  shown  in  Fig.  2,  and  transverse  taper  borings  at 
g  were  made  to  receive  the  coils  c^,  c^,  c^  and  c^  which  were  set 
into  place  with  beeswax  h. 

With  the  door  closed  the  space  between  the  coils  facing  each 
other  was  two  and  one  half  millimeters,  just  sufficient  to  allow  the 
needle-system  room  to  turn  round. 

^  This  method  has  since  been  used  by  Coblentz  and  is  described  by  him  in  the  Bui-  • 
letin  of  the  Bureau  of  Standards,  Vol.  4,  No.  3,  1907. 
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The  door  was  also  bored  at  /,  and  a  mica  window  k,  with  its 
plane  inclined  to  the  vertical  set  into  a  recess,  as  shown  in  Fig.  2. 
When  the  door  was  closed  a  hard  rubber  disk  ^,  bored  out  at  the 
center  to  fit  the  gently  tapering  upright,  could  be  slid  down  over 


R- 


a' 


k; 


ffi'U 


Fig.  1. 


Fig.  2. 


the  upright,  which  it  snugly  fitted  at  the  bottom,  and  thus  the  door 
was  kept  tightly  closed.  Out  of  this  rubber  disc  B^,  which  served 
as  a  support  for  the  magnetic  shields  a  sector  was  cut  opposite  the 
window  k,  to  permit  the  observation  of  deflections.    This  is  shown 
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by  the  dotted  lines  in  Fig.  3,  which  represents  a  plane  of  the  base. 
The  arch  Z,  bored  at  the  top,  carried  a  control  magnet  M,  made 
of  bent  clock  spring,  by  which  the  zero  point  and  sensitiveness  of 
the  galvanometer  could  be  changed  at  will. 

The  upper  end  of  the  quartz  fiber  of  the  suspension  was  attached 
to  a  rod  O  free  to  turn  in  a  sheath  soldered  to  a  sttap  of  brass.  A 
slot  was  cut  in  the  brass  strip  through  which  the  shank  of  the  bind- 
ing post  /  passed.  By  these  means  the  suspension  could  be  accu- 
rately centered  and  clamped  by  the  head  r.  .  By  loosening  the  head 
when  the  door  was  open  the  suspension  could  be  swung  out  from 
the  plane  of  the  rear  coils  for  examination.  The  rod  0,  to  which 
the  fiber  was  attached,  could  be  drawn  out  or  put  in  from  beneath 


Fig.  3. 

and  was  held  in  place  by  friction.  These  adjustments  made  it  very 
easy  to  mount  and  center  the  suspension  or  to  quickly  exchange 
one  suspension  for  another. 

Small  holes  /  through  the  axis  of  the  two  coil  pairs  facing  each 
other  and  small  slots  s  in  the  halves  of  the  uprights  at  the  heights 
of  coil  centers  made  inspection  of  the  centering  of  the  needle  sys- 
tems possible  with  the  door  closed,  and  the  final  adjustments  of  the 
needles  might  be  made  with  the  levelling  screws  /  on  the  base. 

The  Coils. 
The  dimensions  and  form  of  the  coils  and  method  of  winding 
them  were  taken  from  data  given  by  Abbott.*     From  his  tabulated 

»C.G.  Abbott,  1.  c. 
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list  of  coils  the  size  which  gave  a  coil  rated  at  five  ohms  resistance 
was  chosen.  Each  coil  was  wound  in  three  sections,  the  innermost 
consisting  of  8i  cm.  of  No.  38  wire,  the  middle  section  of  328  cm. 
of  No.  32,  and  the  outside  section  of  1,318  cm.  of  No.  26.  The 
finished  coils  gave  each  a  resistance  of  5.6  ohms  approximately. 

The  plane  faces  of  the  coils  were  covered  with  tinfoil  to  guard 
against  static  charges,  and  the  terminal  wires  of  each  coil  were 
twisted  together  and  carried  down  through  channels  bored  in  the 
upright.  The  terminals  of  the  two  coils  in  the  door  were  carried 
down  the  channel  « to  a  space  w,  cut  away  from  standard  and  door 
in  the  axis  of  the  hinges.  From  this  point  all  the  wires  passed 
down  through  the  channel  v  to  an  outlet  beneath  the  hard  rubber 
base  and  were  distributed  thence  to  the  eight  binding  posts  lying 
in  a  semicircle  on  the  underside  of  the  base.  The  coils  connected 
in  multiple  gave  a  total  resistance  of  1.4  ohms,  in  series  22.4  ohms. 

Needle-System  and  Mirrors. 
The  needle-system  y  consisted  of  two  groups  of  seven  needles 
each.  The  needles  were  cut  2  mm.  long  from  tungsten  steel  wire, 
0.165  mm.  diameter.  They  were  attached  to  the  thin  quartz  rod 
bc^  20  cm.  long,  and  then  magnetized  in  place.  No  special  pains 
were  taken  to  make  the  system  astatic.  At  the  bottom  of  the 
quartz  rod  a  mirror  of  thinnest  microscope  cover-glass  i  by  0.9 
mm.  was  fastened. 

The  Shields. 

The  shields,  three  in  number,  5,,  S^,  ^3  of  ";r-—  i  "  silica  steel 
were  obtained  from  the  General  Electric  Company  through  the 
kindness  of  Dr.  Elihu  Thomson.  They  were  cast  from  patterns 
made  in  the  laboratory  shops.  As  the  castings  were  not  wholly 
free  from  flaws,  the  thicknesses  planned  for  the  separate  shields  could 
not  be  rigorously  carried  out. 

The  dimensions  and  weight  of  the  shields  appear  in  Table  I. 

Table  I. 

Length  of  Shields^  29.3  cm. 


Shields. 

Inner  Radius. 

Outer  Radius. 

V^ei^ht. 

1 
2 
3 

2.55  cms. 
4.40    " 
8.25    " 

3.55  cms. 
5.45    ** 
10.45    " 

1,875  gms. 
7,500    " 
26,860    ** 

Digitized  by 


Google 


No.  4.]  A    CONVENIENT  FORM  OF  GALVANOMETER,  255 

The  shielding  ratio  was  measured  by  using  a  single  magnetized 
needle  as  a  magnetometer.  The  deflecting  field  was  generated  by 
sending  a  current  through  a  solenoid  (Z,  Fig.  4)  41  cm.  long,  the 
axis  of  which  was  normal  to  the  magnetic  meridian.  Measurements 
were  made  with  current  in  solenoid  direct  and  reversed  for  two 
symmetrical  positions,  R  and  Z,  one  on  each  side  of  the  needle  as 
shown  in  Fig.  4.     The  period  of  the  unshielded  needle  was  observed, 


R 


Fig.  4. 

and  the  deflection  due  to  a  given  current  in  the  solenoid  noted. 
The  first  shield  was  next  put  in  place,  the  period  of  the  needle 
again  taken,  and  the  deflection  due  to  a  larger  known  current  in  the 
solenoid  observed.  The  shielding  ratio  for  the  first  shield  would 
then  be 

where  /^  8^,  \  are  the  time  of  vibration  and  deflection  for  a  current 
j'j  in  the  solenoid  for  the  unshielded  needle,  and  /,,  6^,  i^,  the  corre- 
sponding quantities  for  the  shielded  needle. 

In  this  way  the  shielding  ratio  s^  for  the  inner  shield,  s^  -f  s^,  the 
shielding  ratio  for  the  inner  and  middle  shield  together,  and 
jj  +  jj  +  J3,  the  same  ratio  for  the  total  shielding  due  to  all  three 
shields,  was  measured.  This  was  done  for  the  shields  as  they  came 
direct  from  the  lathe  and  repeated  after  the  shields  had  been  sub- 
jected by  Dr.  Wm.  Campbell  to  a  special  annealing  process  by 
which  the  iron  was  subjected  to  several  cycles  of  high  temperatures 
followed  by  slow  cooling.     It  is  a  pleasure  here  to  acknowledge  the 
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extent  of  our  indebtedness  to  Dr.  Campbeirs  skill,  an  indebtedness 
the  extent  of  which  the  figures  given  below  show  plainly  enough. 


Table  II. 

Shielding  Ratios. 

Unanaealed. 

Annealed. 

^1 
^1  +  ^1 

J!  +  J.  +  ^t 

18.62 

240.44 

2,903.33 

20.57 

317.60 

4,273.50 

A  similar  set  of  observations  was  made  with  five  shields  cut  from 
soft  iron  water  pipe.  Dimensions  and  weight  of  shields  are  given 
in  Table  III.,  while  Table  IV.  gives  the  shielding  ratios. 

Table  III. 

Length  of  Shields,  30.7  cm. 


Shields. 

Inner  Radius. 

Outer  Radius. 

Weight. 

1 
2 
3 

4 

5 

2.65  cms. 
3.90    " 
5.20    " 
6.45    " 
8.95    " 

3.00  cms. 
4.45    " 
5.70    " 
7.05    " 
9.70    " 

1,530  gms. 
3,120    " 
4,260    " 
6,130    « 
9,650    '« 

Table  IV. 


Shielding  Ratios. 

Annealed. 

'i 

19.30 

*i  + Jf 

104.09 

^1  +  ^1  -f-  ^s 

252.00 

^1  +  ^1  +  ^1  +  h 

723.08 

^l  4-  J,  +  J.  +  ^4  +  ^6 

2,724.79 

The  galvanometer  described,  with  coils  in  multiple  and  a  full 
period  of  six  seconds  (three  seconds  swing),  gave  a  sensitiveness 
of  4  X  lo"^®  volt  for  I  mm.  deflection  on  a  scale  i  meter  distant. 
When  shielded  with  the  three  ";r—  i  '*  iron  shields  the  galvanom- 
eter on  open  circuit  kept  to  a  zero  well  within  two  divisions  of 
the  scale  during  the  heaviest  hours  of  traffic  on  the  Amsterdam 
Avenue  electric  cars  which  pass  within  less  than  25  meters  of  the 
instrument. 
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Greater  sensitiveness  is  01  course  attainable  with  longer  period, 
but  as  Abbott  ^  has  already  pointed  out  the  air  damping  for  such 
suspensions  is  so  great  that  there  is  little  gain  in  increasing  the  time 
of  a  deflection  unless  the  instrument  is  enclosed  in  an  exhausted 
space.  The  form  of  galvanometer  here  presented  is  so  compact 
that  it  could  easily  be  put  under  a  bell-jar  and  exhausted  to  any 
required  vacuum. 

Recently  a  second  galvanometer  of  this  same  type  has  been  built 
by  our  mechanician  Mr.  Cooey  for  Mr.  L.  E.  Woodman  with  six 
annealed  shields  of  commercial  water  pipe.  A  shielding  ratio  of 
over  9,cxx)  was  obtained.  The  dimensions  of  these  shields  are 
given  in  Table  V, 

Table  V. 

Xmgth  of  Shields^  30.5  cm. 


This  galvanometer  was  placed  directly  beside  the  best  form  of 
shielded  two  coil  Siemens  and  Halske  galvanometer  designed  by 
duBois  and  Rubens.  When  the  two  were  on  open  circuit  and  work- 
ing at  comparable  sensibilities  the  new  galvanometer  showed  a 
shielding  against  outside  disturbances  over  forty  times  as  great  as 
the  other. 

In  none  of  the  above  sets  of  shields  was  the  geometrical  relation 
of  shield  thickness  to  air  space  fulfilled,  hence  better  shielding  than 
we  have  reached  could  doubtless  be  obtained.  The  advantage  of 
Mr.  Woodman's  shields  over  the  others  is  probably  due  in  consid- 
erable part  to  the  smaller  radius  of  the  inner  shield  in  his  set. 

Fhcenix  Physical  Laboratories,  Columbia  University, 
May,  1907. 

1 C.  G.  Abbott,  1.  c. 
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CAPACITY  AND  CURRENT  DENSITY  EFFECTS  IN 
THE  ARGON  AND   HYDROGEN  SPECTRA. 

By  Charles  Sheard. 

IN  1865  Pliicker  and  Hittorf  showed  the  existence  of  a  plurality 
of  spectra  in  some  of  the  elementary  gases.  These  spectra 
were  named  {a)  primary,  {S)  secondary.  The  primary  spectrum 
of  a  gas  at  low  pressures  in  discharge  tubes  is  produced  by 
an  electric  current  (not  excessive) ;  while  the  introduction  of  ca- 
pacity in  multiple  with  the  discharge  tube  gives  in  general  a  sec- 
ondary spectrum.  Hydrogen,  nitrogen,  oxygen,  the  halogens 
and  the  monatomic  gases  exhibit  this  phenomenon. 

Argon  has-been  examined  as  to  its  spectra  by  Kayser,^  Rydberg,* 
Crookes,'  Runge,*  Trowbridge  and  Richards,*  and  Eder  and  Val- 
enta.*  Rydberg  concludes  that  the  **  blue  "  (secondary)  spectrum 
of  argon  "corresponds  to  a  higher  temperature"  than  the  red  (pri- 
mary) spectrum.  "  Every  spectral  line,"  he  says,  "  has  a  maxi- 
mum of  intensity.  Lines  which  are  ascribed  to  the  red  (primary) 
spectrum  attain  their  maxima  at  lower  temperatures  than  those 
forming  the  blue  (secondary)  spectrum  and  disappear  gradually 
when  the  temperature  rises,  the  lines  of  the  blue  spectrum  growing 
stronger.** 

In  addition  to  primary  and  secondary  spectra  Eder  and  Valenta 
have  observed  a  white  spectrum.  This  white  spectrum  is  "  pro- 
duced by  large  condensers  in  conjunction  with  a  powerful  induction 
coil  and  at  a  pressure  of  1 5  to  20  millimeters.  Under  these  condi- 
tions white  light  is  emitted  from  the  capillary  of  a  discharge  tube.*' 
It  is  a  question  as  to  the  meaning  of  the  words  **  large  **  and  '*  pow- 

»  Astrophysical  Journal,  Vol.  4,  1896. 

» Ibid.,  Vol.  6,  1897. 

8  Chemical  News,  Vol.  72,  1895. 

*  Astrophysical  Journal,  Vol.  9,  1899. 
*Phil.  Mag.,  Vol.  43,  1897. 

*  Sitzungsbericht  d.  Wiener  Akad.  Mathem.-Nat.,  1895,  p.  404. 
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erful  "  when  used  in  describing  condensers  and  induction  coils. 
Spectroscopically  the  white  spectrum  shows  many  widened  and  few 
sharp  lines,  many  coinciding  with  primary  and  secondary  spectrum 
lines.  Exler  and  Valenta  further  report  a  displacement  with  regard 
to  a  great  many  lines  of  from  0.5  to  I  t.m.  toward  the  ^^rfend  of 
the  spectrum.  Rydberg,'  in  commenting  upon  this  reported  dis- 
placement of  lines,  says :  "As  to  the  supposed  displacement  of  a 
great  number  of  the  lines  of  the  white  spectrum  toward  the  red  end 
of  the  spectrum,  nothing  seems  to  indicate  that  we  have  to  do  with 
a  continuous  displacement,  but  rather  with  the  appearance  of  new 
lines  on  the  red  side  of  the  other  spectra,  with  which  they  ought  to  be 
closely  related.  In  such  a  case  it  seems  most  probable  that  the  in- 
teresting observation  of  Eder  and  Valenta  depends  on  a  change  in 
the  relative  intensity  of  two  sets  of  connected  lines." 

It  has  been  found  also  that  the  cathode  glow  shows  quite  a  dif- 
ferent spectrum  from  that  exhibited  at  the  anode.  The  spectrum 
at  the  cathode  appears  nearly  continuous  in  the  yellow,  green  and 
blue.  When  a  condenser  is  introduced  in  parallel  with  the  tube  a 
bulb  spectrum  is  produced  at  each  end  which  is  intermediate  be- 
tween the  spectra  obtained  with  and  without  the  use  of  capacity 
from  the  capillary  portion. 

Instruments. 

A  Steinheil  spectroscope,  together  with  a  60°  prism  worked  by 
Brashear,  constituted  the  apparatus  used  in  the  examination  of  the 
spectra.  The  telescope  and  collimator  had  apertures  of  5  cm.  each 
and  focal  lengths  of  approximately  30  and  35  cm.  respectively. 
The  telescope  carried  a  plate  holder  fitted  into  a  form  provided  for 
it.  When  in  adjustment  this  was  perpendicular  to  the  axis  of  the 
instrument. 

In  front  of  the  collimator  slit  was  mounted  a  movable  diaphragm 
by  means  of  which  the  upper  or  lower  halves  of  the  slit  could  be 
exposed  to  the  light  source.  For  example,  one  portion  of  the  slit 
might  be  exposed  to  the  argon  spectrum  tube  through  which  a  dis- 
charge from  an  induction  coil  was  passed,  the  other  half  of  the  slit 
being  exposed  to  an  argon  tube  when  capacity  was  inserted  in  mul- 
tiple with  the  tube. 

*  Astrophysical  Journal,  Vol.  6,  1897,  p.  347. 
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The  discharge  through  the  tube  was  produced  by  an  induction 
coil  capable  of  giving  a  15  cm.  spark  and  carrying  a  primary  cur- 
rent as  high  as  10  amperes. 

Wratten  and  Wainwright  (Croydon,  England)  panchromatic 
plates  were  employed  in  photographing  the  spectra.  The  argon 
used  came  from  Tyrer  and  Company,  London. 

Adjustments  for  Focus. 

The  slit  and  photographic  plate  were  placed  at  the  foci  of  their 
respective  objectives  by  the  method  of  parallax.  Then  through  the 
60°  prism  photographs  were  taken  of  the  upper  half  of  the  slit 
when  the  right  half  of  the  collimator  objective  was  screened,  and 
of  the  lower  half  of  the  slit  when  the  left  half  of  the  objective  was 
diaphragmed.  A  mercury  arc  lamp  (Zeiss)  was  used  as  a  source. 
The  displacements  of  the  two  halves  of  the  slit  image  were  meas- 
ured for  the  various  lines  of  the  mercury  spectrum  present.  This 
process  was  repeated  using  new  positions  of  camera  objective  and 
of  slit  until  the  most  satisfactory  adjustment  was  found. 

Current  Density  Effects  in  the  Argon  Spectrum. 

Fig.  A  (a),  secondary  and  (V)  primary,  show  the  spectra  obtained 
when  the  primary  of  the  induction  coil  produdng  the  excitation 
was  supplied  at  low  voltage  (10  volts)  from  a  storage  battery.  The 
potential  difference  across  the  terminals  of  the  tube  as  measured  by 
a  Braun  electroscope  was  abopt  800  volts.  The  secondaiy  spec- 
trum (Fig.  A,  d)  was  produced  under  the  above  conditions  with  the 
introduction  of  three  one-gallon  Leyden  jars  in  the  circuit  with  the 
tube.  The  spectra  obtained  are  practically  purely  primary  and  sec- 
ondary as  measured  up  and  compared  with  Kayser*s  lists  of  argon 
lines. 

The  conditions  were  again  modified,  using  the  same  tube,  and 
exposures  B  and  C  were  obtained.  In  exposure  B  —  {a)  secondary, 
{p)  primary  —  the  current  was  two  to  three  times  as  great  as  in 
exposure  A  as  shown  by  a  Ruhmer  current  indicator.  Two  one- 
gallon  jars  were  used  in  exposure  B  {a)  and  one  one-gallon  jar  in 
exposure  C  {a).     The  times  of  exposure  of  plates  in  all  cases  given 
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were  practically  the  same.  The  dischai^e  through  the  tube  was 
run  intermittently  to  prevent  heating  and  breakage  of  tube.  The 
difference  in  potential  across  the  tube  did  not  exceed  2,000  volts  as 
measured  by  the  Braun  electroscope. 

A  comparison  of  the  primary  spectra  in  exposures  A  and  C 
shows  in  the  latter,  under  the  conditions  before  cited,  an  approach 
toward  the  secondary  spectrum.  A  careful  study  of  both  spectra, 
indicates  (i)  an  absence  of  the  longer  wave-lengths  in  the  secondary 
spectrum  proper,  (2)  an  increase  in  intensity  and  number  of  lines  in 
the  secondary  spectrum  as  compared  with  the  primary  spectrum  in 
the  region  of  Hg  5461  t.m.  to  Hg.  4359  t.m.,  these  lines  being 
present  as  impurities  in  the  argon  spectra,  (3)  a  broadening  in  the 
secondary  spectrum,  due  to  capacity,  of  relatively  nine  tenths  of  thq 
lines  common  to  the  primary  and  secondary  spectra  and  (4)  a  marked 
approach  to  the  true  secondary  as  exhibited  by  the  primary  spectra 
(B,  b  and  C,  U)  when  heavy  currents  and  thermometer-sized  capil- 
lary are  used. 

In  order  to  investigate  more  completely  the  spectra  resultant 
from  increasing  and  decreasing  the  current  density,  a  composite 
tube  of  varying  sized  capillary  tubes,  each  tube  being  about  two 
inches  in  length  and  having  inner  diameters  of  2.25,  2,  1.50  and  i 
mm.  respectively,  was  used.  The  potential  differences  ranged  from 
800  to  2,000  volts,  the  Ruhmer  current  indicator  running  from  8  to 
20  divisions  as  marked  upon  its  scale.  Spectroscopically,  as  photo- 
graphed or  as  viewed  with  a  direct-vision  spectroscope^  these 
spectra  exhibit  a  marked  increase  in  intensity  of  lines  in  the  region 
H  6563  t.m.  to  Hg  5461  t.m.  (both  lines  being  present  as  impuri- 
ties) as  the  capillaries  narrow.  Further,  the  increase  in  number 
and  intensity  of  lines  in  the  region  Hg  5461  t.m.  to  Hg  4359  t.m. 
and  the  introduction  of  the  shorter  wave-lengths  from  H  4070  t.m. 
to  3500  t.m.  with  the  narrowing  of  the  tube  is  of  particular  interest. 
It  appears  then  that  an  increase  in  current  density  produces  a  change 
from  the  pure  primary  to  a  secondary  spectrum  in  the  case  of 
argon.     J.  J.  Thomson  *  has  likewise  noted  the  effect  in  general. 

The  addition  of  capacity  to  a  circuit  when  the  discharge  tube  of 
varying-sized  capillaries  was  used  demonstrated  a  gradual  change 
^Conduction  of  Electricity  Through  Gases,  1906,  p.  588. 
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from  what  might  be  called  a  "  mixed  '*  primary  to  the  true  secondary 
spectrum.  When  viewed  with  the  naked  eye  the  wider  capillaries 
exhibited  a  difference  in  color  from  that  present  in  the  narrower 
capillaries.  A  condenser  of  itself  can  have  no  effect  upon  the 
spectrum  of  a  gas  in  so  far  as  its  oscillatory  nature  is  concerned. 
But  if  electricity  is  furnished  a  discharge  tube  with  great  rapidity, 
as  in  condenser  discharges,  the  difference  in  potential  at  the  elec- 
trodes of  the  tube  may  rise  very  rapidly,  since  it  takes  time  for  the 
ions  to  arrange  themselves  to  the  newly  imposed  conditions.  As  a 
result  the  electric  field  may  be  very  intense  and  uniform,  causing 
the  positive  ions  to  produce  new  ions  by  collision ;  the  current 
density  therefore  increasing  to  very  large  values. 

Tabulation  of  the  Lines  in  the  Secondary  {a)  and  Primary 
(^)  Spectra  of  Argon  in  Plate  B. 

The  lines  in  Plate  A,  both  secondary  {a)  and  primary  (V)  spectra, 
were  measured  up  and  found  to  be  the  pure  secondary  and  primary 
spectra  of  argon  respectively  (as  given  by  Kayser)  with  the  excep- 
tion of  wave-lengths  4658.  4637,  4545,  4430,  4401,  4383,  4379. 
4363  (?),  4331  and  4082  t.m.,  which  distinctly  belong  to  the  spec- 
trum produced  by  a  capacity  dischage  but  which  made  their  appear- 
ance in  both  primary  and  secondary  spectra. 

The  lines  found  in  Plate  B  are  tabulated  on  pages  263  and  264. 
Column  I  contains  the  wave-length  in  t.m.  ;  column  2  indicates  the 
spectum  in  which  each  line  recorded  in  column  i  is  found,  the  letter 
(P)  indicating  its  presence  in  the  primary  spectrum  only,  the  letter 
(S)  its  presence  in  the  secondary  spectrum  only  and  the  word 
"  Both"  showing  its  presence  in  the  primary  and  secondary  spectra  ; 
column  3  shows  the  spectrum  under  which  the  line  is  classed  by 
Kayser,  the  same  symbols  being  followed  as  in  column  2. 

Current  Density  Effects  in  the  Hydrogen  Spectrum. 
In  the  case  of  hydrogen  the  writer  has  noticed  a  broadening  of 
the  line  H^,  H^  and  H^  due  to  increase  in  current  density.  Em- 
ploying a  feeble  current  with  capacity  shows  a  similar  effect  in 
these  lines.  It  is  further  shown  from  a  preliminary  examination 
that  the  fine  line  spectrum  of  hydrogen  is  the  true  primary  spec- 
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trum  and  that  the  **  four-line  "  spectrum,  so  called,  is  the  secondary 
spectrum.  H^  is  found  present  with  even  small  currents,  while 
H^,  H^  and  //,  make  their  appearance  with  only  large  current  or 
capacity.  The  four-line  spectrum  of  hydrogen  is  thus  produced 
and  modified  under  the  same  conditions  as  are  the  secondary  spec- 
tra of  argon  and  other  double-spectra-ed  gases.  The  writer  is  at 
present  engaged  upon  as  complete  an  examination  as  possible  of 
the  effects  of  different  sized  capillaries  upon  the  spectrum  of  hy- 
drogen when  the  tube  carries  varied  currents  and  capacities. 

Widening  of  the  Lines. 

The  maximum  amount  of  widening  varies  as  i  /  ^*,  where  r  rep- 
resents the  distance  between  corpuscles.  Therefore  the  widening 
is  proportional  to  the  density  of  the  corpuscles.*  The  number  of 
these  corpuscles  will  increase  with  current  density ;  therefore  ac- 
cording to  this  theory  a  broadening  of  the  line  follows  when  the 
current  density  is  increased. 

The  pressure  or  density 'of  the  gas  enclosed  in  the  discharge 
tubes  cannot  have  affected  any  broadening  of  lines  in  the  spectra 
examined,  as  Michelson  has  shown,  for  "  when  the  pressure  is  less 
than  five  millimeters  the  effect  of  collisions  has  almost  entirely 
ceased."* 

Whenever  we  have  conduction  of  electricity  through  a  gas,  we 
find  that  this  conduction  consists  in  a  transfer  of  negative  and  posi- 
tive charges.  We  may  conceive  of  a  neutral  aggregate  after  the 
manner  of  J.  J.  Thomson  as  consisting  of  a  positive  charge  asso- 
ciated with  negative  charges.  If  then  the  steady  motion  of  such 
a  system  be  disturbed,  it  will  absorb  energy  which  it  will  radiate  in 
returning  to  its  condition  of  equilibrium,  thus  producing  spectra. 
If  therefore  we  consider  the  negative  electrons  as  making  up  rings, 
two  possible  forms  of  radiation  may  occur,  (i)  lateral  oscillations 
of  the  corpuscles  composing  the  rings  and  (2)  under  severe  excita- 
tion a  breaking  up  of  the  rings  into  new  formations.  Argon  may 
then  be  pictured  as  a  system  in  which  the  ring  formation  is  gradu- 
ally disrupted  as  the  number  of  advancing  electrons  is  increased. 

^  Proceedings  Cambridge  Phil.  Soc,  1906. 
'Phil.  Mag.,  1892,  p.  295. 
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Conclusion. 

The  alterations  in  the  spectrum  of  a  gas  due  to  inserting  capacity 
in  multiple  with  the  spectrum  tube  may  be  produced  by  an  increase 
in  current  density. 

This  work  was  carried  on  at  Dartmouth  College,  in  the  year 

1907,  under  the  direction  of  Dr.  G.  F.  Hull.     The  writer  wishes  to 

express  his  thanks  for  the  many  suggestions  and  aid  given. 

Physical  Laboratory,  Ohio  State  University, 
April,  1908. 
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EFFECT  OF  ABSORBED  HYDROGEN  AND  OF  OTHER 

GASES   ON   THE   PHOTO-ELECTRIC 

ACTIVITY    OF   METALS. 

By  V.  L.  Chrisler. 

OKINNER'S  experiments  *  indicate  that  in  a  glow  current  through 
"^  rarefied  gases  hydrogen  atoms  probably  serve  as  carriers  be- 
tween the  cathode  and  the  gas  atmosphere.  This  suggests  that  the 
photo-electric  current  from  metals  may  also  be  carried,  in  part  at 
least,  by  hydrogen  atoms  freed  from  their  surface.  That  the  pres- 
ence of  hydrogen  in  the  metal  probably  increases  its  photo-electric 
current  was  shown  by  Wulf,*  who  found  that  after  platinum  had 
been  allowed  to  stand  in  hydrogen  for  some  time,  there  was  a 
marked  increase  in  current  over  that  obtained  in  air  and  again  a 
decrease  in  the  current  after  the  platinum  had  been  exposed  to  air. 
Holman  ^  obtained  a  series  of  results  which  showed  that  use  as 
cathode  with  a  glow  current  in  hydrogen  reduced  the  photo-elec- 
tric activity  of  zinc,  and  use  as  anode  increased  it ;  but  he  could 
not  corroborate  these  observations  in  further  tests. 

The  present  investigation  was  undertaken  with  the  same  object 
in  view.  The  plan  followed  was  a  modification  of  Holman's,  the 
only  important  difference  being  that  all  tests  of  the  photo-electric 
current  were  made  in  the  same  atmosphere  as  that  which  served  for 
the  glow  current  and  immediately  afterward,  while  Holman  first 
evacuated  after  passing  the  glow  current  before  testing  the  photo- 
electric activity.  The  advantage  of  the  present  plan  over  his  was 
two-fold.  There  was  less  chance  for  a  **time'*  change  in  the 
metal  —  which  in  hydrogen  was  always  large  —  before  the  activity 
was  measured.  Further  the  time  saved  was  considerable,  since  it 
was  possible  to  take  an  entire  set  of  readings  without  evacuating 

the  system. 

'  Phys.  Rkv.,  XXI.,  p.  I,  1905. 
'  Arm.  d.  Physik,  9,  p.  946,  1902. 
»Phys.  Rev.,  XXV.,  p.  81,  1907. 
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The  effect  of  use  as  cathode  in  a  glow  current  is  first  to  clean 
the  metal  and  thus  increase  its  activity  under  the  action  of  light, 
and  then  by  continued  use,  to  decrease  it,  probably  by  reducing  the 
supply  of  negative  carriers  in  its  surface.  The  effect  of  use  as  an 
anode  is  first  to  charge  up  the  metal  with  negative  carriers,  but  if 
continued  the  activity  is  generally  rapidly  reduced,  presumably  by 
a  layer  of  tarnish  which  always  makes  its  appearance  on  the  metal 
surface  under  prolonged  use  as  anode.  The  effect  produced  by 
contact  of  the  metal  with  the  conducting  gas  is  very  similar  to  that 
of  using  it  as  anode ;  it  first  charges  the  metal  with  negative  car- 
riers— though  not  as  rapidly  as  when  used  as  anode  —  but  con- 
tinued exposure  is  very  likely  to  decrease  its  activity. 

Apparatus. 
A  diagram  of  the  system  is  shown  in  Fig.   i.     The  source  of 
ultra-violet  light  was  a  high  potential  arc  between  iron  electrodes 


Fig.  1. 

in  hydrogen,  operated  in  parallel  with  a  capacity  AT,  by  an  induc- 
tion coil  fed  from  an  alternating-current  circuit.     A  Kipp  generator 
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connected  through  a  drying  tube  to  the  bulb  containing  the  arc 
maintained  a  fresh  supply  of  hydrogen.  The  light  passing  through 
the  quartz  plates  Q  and  D  fell  at  an  angle  of  about  45  degrees  on 
E^  the  metal  tested.  This  was  connected  to  the  negative  pole  of  a 
battery  5,  the  positive  being  earthed.  The  negative  electricity  freed 
from  E  by  the  action  of  the  light  passed  to  the  collecting  electrode 
//"which  was  connected  to  one  plate  of  a  condenser,  the  other  plate 
being  earthed. .  The  current  was  measured  by  the  potential  to 
which  the  condenser  was  charged  in  a  given  time.  A  Thomson 
quadrant  electrometer  was  used  for  measuring  this  potential,  53 
scale  divisions  deflection  corresponding  to  a  difference  of  potential 
of  one  v^lt.  The  electrometer,  condenser,  arc  system  and  wire 
leading  from  the  collecting  electrode  to  the  condenser  and  electro- 
meter were  all  enclosed  in  earthed  metal  cases. 

The  discharge  chamber  consisted  of  a  glass  bulb  with  a  ground 
joint  at  7^  for  convenient  removal  of  the  electrodes.  In  addition  to 
the  two  electrodes  mentioned  a  third  was  inserted  at  M,  The  quartz 
plate  D  was  sealed  on  with  de  Khotinsky's  laboratory  cement.  In 
the  vacuum  system  all  ground  joints  and  stop-cocks  were  lubricated 
with  a  mixture  free  of  hydrocarbons.  PjO^  was  used  as  a  drier. 
Evacuation  was  produced  by  a  Barr  and  Stroud  mercury  pump. 
The  pressure  was  measured  by  a  McLeod  gauge.  Small  storage 
batteries  served  as  a  source  of  potential,  and  also  for  the  glow  cur- 
rent. Cwas  a  plane  air  condenser  (capacity  3,360  centimeters)  con- 
sisting of  tin-foil  pasted  on  glass  plates  and  insulated  by  quartz. 

The  gases  used  were  hydrogen,  nitrogen,  oxygen  and  helium. 
Hydrogen  obtained  from  aluminum  in  a  solution  of  potassium  hy- 
drate, was  after  careful  drying  by  PjO^  stored  in  a  flask  which  had 
stood  evacuated  for  a  time  sufficient  to  free  it  of  occluded  gases. 
Nitrogen  was  obtained  by  passing  air  through  phosphorus  vapor, 
through  a  wash  bottle  containing  KOH,  and  finally  through  a  tube 
containing  PjOy  After  complete  drying  it  was  also  stored  in  a  flask 
freed  of  occluded  gases.  Oxygen  obtained  from  manganese  di- 
oxide and  potassium  chlorate  was  first  passed  through  a  solution  of 
KOH  then  through  concentrated  H^SO^,  and  finally  past  two  elec- 
trodes between  which  was  maintained  a  spark  discharge  for  reduc- 
ing any  hydrogen  to  HjO.     It  was  then  passed  through  a  tube  con- 
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taining  PjO^  and  stored  in  a  flask  after  perfect  drying.     The  helium 
used  was  obtained  from  Messrs.  Thomas  Tyrer  and  Co. 

Experimental   Results. 

I.  Platinum  in  Hydrogen,  — The  following  detailed  series  of  re- 
sults were  obtained  with  platinum  in  an  atmosphere  of  hydrogen. 
The  metal  was  first  carefully  cleaned  and  polished,  and  then  placed 
in  the  electrode  chamber  and  this  immediately  evacuated  and  flushed 
out  at  least  once  with  hydrogen  before  using,  so  that  when  filled  to 
1.2  mm.  pressure  with  hydrogen,  not  more  than  two  tenths  of  one 
per  cent,  of  the  gas  present  was  air.  For  photo-electric  measure- 
ments the  metal  was  charged  to  a  negative  potential  of  40  volts, 
and  the  collecting  electrode  started  at  zero  potential.  The  most 
uniform  results  were  obtained  by  breaking  the  arc  after  each  reading. 

By  exposing  the  metal  to  the  light  for  two  seconds  each  time  the 
following  electrometer  deflections  were  obtained  from  the  metal  in 
its  initial  state:  15,  16,  16  —  equivalent  to  a  current  of  4.2  x  lO""^® 
amperes.  This  represents  the  photo-electric  activity  of  the  freshly 
polished  metal. 

A  glow  discharge  of  moderate  intensity  was  then  sent  from  the  plat- 
inum as  cathode  for  about  one  minute,  after  which,  returning  to  the 
original  conditions,  the  following  deflections  were  obtained  from  the 
photo-electric  current :  85,  80,  jZ  —  equivalent  to  22.4 x  io~*°  am- 
peres. In  these  tests  the  metal  was  used  as  cathode  just  before  each 
observation,  otherwise  it  showed  some  recovery,  as  seen  later,  by 
exposure  to  the  gas.  Compared  with  the  results  above  this  shows 
the  cleaning  effect  of  use  as  cathode. 

Immediately  following  these  observations  the  platinum  was  used 
as  anode  in  a  glow  discharge  (during  a  fraction  of  a  second  only) 
after  which  the  photo-electric  effect  tested  as  before  gave  the  follow- 
ing deflections  :  135,  160,  150,  or  41  x  io~^°  amperes.  This  shows 
the  increased  effect  caused  by  use  as  anode,  care  having  been  taken 
not  to  operate  it  for  a  time  sufficient  to  tarnish  the  metal.  It  is 
about  double  that  obtained  after  using  as  cathode. 

After  again  using  the  metal  as  cathode  in  a  glow  discharge  (which 
reduced  the  photo-electric  current  to  approximately  22.4  x  io~'®  am- 
peres given  above)  it  was  then  allowed  to  stand  disconnected  while  a 
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discharge  was  sent  between  the  two  electrodes  //"and  M.  Following 
this  the  photo-electric  activity  was  again  tested  giving  the  deflections 
140,  1 1 5,  1 14  —  equivalent  to  a  mean  value  of  34  x  lO""^®  amperes. 
This  shows  also  a  marked  increase  in  activity  by  exposure  of  the 
metal  to  the  conducting  hydrogen.  After  an  hour's  use  as  cathode 
the  following  values  were  obtained,  which  are  in  their  relative  effects 
a  repetition  of  those  already  given : 

Amps.  X  lo**. 
After  use  as  cathode,  12 

After  use  as  anode,  30 

After  use  as  cathode,  12  (approz. ) 

After  standing  in  conducting  gas         27.3 

After  standing  thirteen  hours  in  the  same  atmosphere  the  follow- 
ing values  were  obtained  : 

Amps.  X  X  o^*. 
After  use  as  cathode,  46 

After  use  as  anode,  136 

After  use  as  cathode,  46  (approx.) 

After  standing  in  conducting  gas,        91 

2.  Platinum  in  Helium,  —  Similar  tests  were  made  with  freshly 
polished  platinum  in  an  atmosphere  of  helium,  care  being  taken  to 
have  pure  gas  and  to  rid  the  surface  of  the  electrodes  as  far  as  pos- 
sible of  their  supply  of  hydrogen.  To  this  end,  while  flushing  out 
with  helium,  the  metal  to  be  tested  and  also  the  collecting  electrode 
were  used  as  cathode  in  a  glow  discharge. 

In  helium  there  was  observed  with  all  the  metals  a  small  but  defi- 
nite leak  without  the  light  but  this  was  of  a  magnitude  smaller  than 
the  photo-electric  current.  The  deflections  given  are  the  difference 
between  the  magnitudes  obtained  with  and  without  light.  Follow- 
ing are  the  results  with  duration  of  exposure  to  light,  20  seconds  : 


Deflections. 

Amps.  X  xo»« 

After  use  as  cathode, 

7,  10,  8 

.22 

After  use  as  anode, 

5,    7,7 

.17 

TJiere  was  no  increase  after  use  as  anode  in  helium^  but  immedi- 
ately after  evacuating  and  admitting  hydrogen^  the  following  were 
obtained : 

Amps.  X  xo>*. 
Initial  photo-electric  current,  .16 

After  use  as  cathode,  9.7 

Af  er  use  as  anode,  10 


Digitized  by 


Google 


272  V.  L.  CHRISLER,  [Vol,  XXVII. 

After  standing  four  hours  in  hydrogen  : 

After  use  as  cathode,  23 

After  use  as  anode,  28 

This  shows  an  increase  in  the  photo-electric  current  from  the 
value  of  approximately  .2  x  io~^°  amperes  in  a  helium  atmosphere 
to  28  X  io~^°  in  hydrogen,  or  14.0  times  as  great  a  current  in  the 
hydrogen  as  in  the  helium.  Had  the  platinum  been  allowed  to 
stand  in  the  hydrogen  longer,  its  photo-electric  activity  would  un- 
doubtedly have  increased  still  further. 

3.  Platinum  in  Nitrogen.  —  Similar  tests  were  also  made  with 
freshly  polished  platinum  in  an  atmosphere  of  nitrogen  the  same 
care  being  taken  to  insure  purity  of  ^as  as  with  helium.  In  this 
case  also  there  was  a  slight  leak  without  light  which  effect  is 
eliminated  from  the  recorded  observations.  With  a  twenty  second 
exposure  the  results  were  as  follows  : 

Deflections.  Amps.  X  zo>». 

After  use  as  cathode,  122,  98,  75  2.6 

After  use  as  anode,  106,  61,  61  2.2 

showing  a  decreased  instead  of  an  increased  activity  by  use  as  anode. 

The  system  was  then  immediately  evacuated  and  hydrogen  admitted, 

giving  the  following  as  mean  results  : 

Amps.  X  io*». 
Initially,  1.5 

After  use  as  cathode,  1.8 

After  use  as  anode,  15.5 

In  this  case  also  the  current  was  increased  about  seven  times  in  the 

hydrogen  over  that  obtained  in  the  nitrogen. 

4.  Platinum  in  Oxygen, — Tests  were  next  made  in  an  atmosphere 
of  oxygen.  Here  again  there  was  a  slight  leak  when  the  platinum 
was  not  exposed  to  the  light.     Duration  of  exposure,  20  seconds  : 


Deflections. 

Amps.  X  xo^*. 

After  use  as  cathode, 

4,3,2 

.08 

After  use  as  anode. 

0,1,2 

.03 

After  evacuating  and  admitting  hydrogen  the  following  mean  values 
were  obtained : 

Amps.  X  xo^*. 
Initially,  .01 

After  use  as  cathode,  4.8 

After  use  as  anode,  15.7 

After  standing  one  hour,  10.8 
After  use  as  cathode,  7.3 

After  use  as  anode,  36 
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Taking  the  last  value  here  we  find  the  photo-electric  current  about 
1^200  times  as  large  in  hydrogen  as  in  oxygen. 

5.  Relative  Conductivity  of  the  Gases. — To  test  merely  the  relative 
mobility  of  the  ions  in  the  different  gases,  in  which  case  care  was 
taken  to  see  that  the  activity  of  the  metal  should  remain  unchanged, 
the  following  observations  were  made  in  the  sequence  given  : 

Photo-EUctric  Current  from  Platinum. 


Oas. 

Pressure  in 

mm. 

Amps.  X  xo^o. 

H 

1.25 

.83 

He 

1.27 

.92 

N 

1.23 

.97 

0 

1.18 

.97 

H 

1.16 

.83 

H 

1.93 

.69 

H 

.66 

.92 

Photo-EUctric  Current  from  Nickol. 

Gas. 

Pressure  in 

mm. 

Amps.  X 10^ «. 

H 

1.06 

.66 

He 

1.07 

.78 

H 

1.04 

.67 

N 

1.06 

.61 

0 

1.07 

•    .69 

H 

1.03 

.69 

H 

2.19 

.50 

That  the  activity  of  the  metals  did  not  change  is  indicated  by  the 
fact  that  after  testing  in  the  other  gases  hydrogen  was  again  ad- 
mitted at  the  same  pressure  and  the  photo-electric  current  was 
found  to  approximate  its  original  value.  These  tests  show  that  the 
mobility  of  the  ions  in  the  other  gases  is  as  great  if  not  greater 
than  in  hydrogen,  hence  the  larger  effect  in  hydrogen  cannot  be 
ascribed  to  this  factor.  The  effect  of  gas  pressure  on  the  magnitude 
of  the  current  is  shown  in  these  tables  by  the  last  tests  in  hydro- 
gen. To  determine  if  the  photo-electric  current  was  affected  by 
the  ionization  of  the  gas,  the  activity  of  zinc  was  tested  at  a  pressure 
of  .0005  mm.  giving  17.2  x  io~*°  amperes.  Hydrogen  at  a  pres- 
sure of  1.82  mm.  was  then  immediately  admitted  and  the  activity 
again  tested  giving  15  x  10  ~^®  amperes.  Platinum  was  also  tested 
at  a  pressure  of  .001  mm.  giving  3.6  x  10  "^'^  amperes  and  at  1.2 
mm.  hydrogen  the  current  was  4.2  x  10  ~^^  These  observations 
show  conclusively  that  the  relatively  large  magnitudes  in  hydrogen 
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are  not  to  be  ascribed  to  a  greater  ionization  of  this  gas  over  the 
others  because  there  appears  practically  no  change  in  the  current 
in  passing  from  a  high  vacuum  to  the  pressures  used. 

6.  Tests  of  Other  Metals, — The  following  tables  give  for  a  num- 
ber of  metals  representative  tests  similar  to  those  recorded  in  detail 
for  platinum.  Each  test  designated  "after  use  as  anode"  and 
"  after  standing  in  the  conducting  gas  "  was  always  preceded  by 
first  using  the  metal  as  cathode  for  a  moment  in  order  to  reduce 
its  activity  to  the  same  initial  value.  Operation  as  anode  as  well 
as  exposure  to  the  conducting  gas  was  only  momentary.  All  tests 
were  made  at  a  gas  pressure  of  from  one  to  two  millimeters. 
Quantities  in  parentheses  indicate  approximate  values.  The  num- 
ber of  the  experiment  indicates  a  freshly  polished  metal. 

Photo-EUctric  Current  in  Hydrogen  X  10*®. 


Metal. 

Expert, 
ment. 

^Remarks. 

Initial. 

After 
Cathode. 

After 

Anode. 

After 
Con.  Gas. 

Alaminium 

1 

1.89 

.88 

4.4 

Antimony 

1 

• 

2.33 

13.9 
1.66 

(1.66) 

32.5 

35 

45.5 

17.8 
33.1 

2 

2 

1.62 
2.16 

21.3 

29.5 

Bismuth 

1 

5.6 

7 

5.11 

5.3 

19 

18.6 

18.9 

12.7 
12.2 

2 

4.4 

7.77 

35.8 

15.6 

Cadmium 

1 

6.33 

2.03 
1.33 
1.55 

22.4 
23.8 
44.1 

18.9 

2 

.55 

3.11 
2.33 

(2.33) 

16.9 
28.3 
22 

3.5 

Copper 

1 

1.59 

24.2 
3 

39.3 
19 

21.5 

2 

1.1 

5.77 
7 

22 
19.3 

Gold 

1 

5.55 

2.19 
2.22 

18.5 
17.9 

4.33 

Iron 

1 

.48 

5.11 

8.56 

10.6 

Stood  12  hrs. 

3.44 

1.81 

2.88 

2 

.84 

4.7 

17.7 
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Photo- Electric  Current  in  Hydrogen  X  10*^ — Continued. 


Metal. 

-   Experi- 
ment. 

Remarks. 

InitUl. 

After 
Cathode. 

After 
Anode. 

After 
Con.  Qas. 

Lead 

1 

.58 

1.55 
6 

30.5 
36.8 

8.34 
11.3 

Magnesium 

1 

.31 

1.78 
1.89 

1.55 
2.33 

.44 

Nickel 

1 

.55 

6.55 
5.55 
6.78 

13.7 
12.6 
17.1 

13.6 

Platinum 

1 

4.24 

22.4 
15.7 

41.1 
37.9 

34.1 
25.7 

Stood  12  hrs. 

46.2 

136 

91.2 

2 

27.7 

51.1 

Silver 

1 

2.77 

60.1 
59.6 
23.3 

83.7 
69.9 
28.7 

74.4 
34.6 

2 

1.1 

17.4 
11.8 
12.1 

53.7 
41.2 
56.8 

22.7 
31.1 

Tin 

1 

.74 

6.33 

16.4 

Tin 

7.11 

16.8 

Stood  15  hrs. 

8.53 

1.44 

18.1 

12 

1.11 

6.22 

19.9 

9.9 

Zinc 

1 

15 

2.77 

2.2 

Stood  13  hrs. 

41.6 

79.5 

60.2 

Stood  12  hrs. 

3.63 

99.8 

63 
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Photo- Electric  Current  X  10"  in  Helium  followed  by  Test  in  Hydrogen, 


Ex. 

peri- 
ment. 

1 

Remarks. 

Helium. 

Hydrogen. 

Metal. 

Initial. 

After 
Cathode. 

After 
Anode. 

Initial. 

After 
Cathode. 

After 
Anode. 

Aluminium 

.33 

.014 

.27 

.019 

.33 

1.5 
3.9 

1.6 
10.0 

Antimony 

1 

0 

0 

0 

17.4 
10.9 

17.7 
39 

2 

1.38 

.11 

1.33 

14.6 
10.2 

20.9 
41.9 

Bismuth 

1 

Stood  96  hre.inH 

4.16 
3.74 

3.66 
3.18 

2.2 
88 

12 
2.6 

12.1 

Cadmium 

1 

0 

0 

0 

11.6 
7.22 
14.5 

12.9 

10 

24.3 

Iron 

1 

.33 

.11 

Stood  4  hrs. 

.12 

.27 

.13 

1.25 

3.22 

3 

Stood  12  hrs. 

1 

8.2 

10.9 

Lead 

1 

.028 
0 

.08 
.08 

Stood  12  hrs. 

.05 

0 

0 

.028 

16.9 
18 

27.2 
31.1 

Nickel 

1 

1.71 

.13 

.27 

.36 

.33 

3.78 
11 

8.8 
13.4 

Platinum 

1 

Stood  2  hrs. 

.22 

.17 

.16 
4 

9.67 
15.9 

10.5 
19.4 

* 

Stood  2  hrs. 

5.8 

'  22.8 

28.4 

Silver 

1 

.061 

.028 

.055 

.028 

3.05 

1.69 

8.9 

Stood  1  hr. 

7.9 

13.1 

20.3 

Tin 

1 

0 

0 

0 

7.55 
7.89 

15.7 
14.3 

Zinc 

1 

.083 
.083 

.028 
.056 
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Ex- 
peri- 
tnent. 

Remarka. 

Nitrogen. 

Hydrogen. 

MeUl. 

Initial. 

After 
Cathode. 

After 

Anode. 

Initial. 

After 

Cathode. 

After 
Anode. 

Aluminium 

1 

3.86 

.92 

5.82 

.94 

2.11 

1.94 

1 

6.65 
1.77 

Antimony 

1 

.55 
10 
7.76 

.19 
1.91 

2;2 

Bismuth 

1 

.66 

.42 

5 

.61 

.14 

2.99 
3.52 

5.22 
7.16 

Cadmium 

1 
2 

2.3 

4.5 
2.7 

0 

1 
.58 

.55 

4.33 

4.28 

.24 

8.22 
9.22 
9.78 

Caibon 

1 

.16 

.25 

.17 

.28 

.042 

.44 
.49 

.25 
.64 

Copper 

1 

.55 
1.44 
1.1 

.66 

1.91 
0 

Iron 

1 

,.54 

.64 

.92 

.86 

1 

1.66 
2.44 

6.55 
13.1 

Lead 

1 

7.88 

3.69 

4.33 

2.63 

3.52 

9.1 
6.6 

25.6 
11.1 

Nickel 

1 

1 
9.9 

5.83 
1.38 

.55 

7 
3.6 

13.3 
12.5 

Platinum 

1 

.038 
2.47 

.12 
2.48 

2.63 

2.18 

1.46 

1.89 
1.83 

7.67 
15.5 

SiWer 

1 

• 

.08 
.17 

2.6 
2.63 

.15 

.78 

1.6 

6.33 

9.9 

2 

1.4 

1 

2.8 
2.5 

.14 

5.4 

9.88 

14.4 

27.2 

Tin 

1 

0 

0 

Zinc 

1 

8.87 

.12 

1      3.2 

.06 

.05 

6.55 

11 

Stood  6  hrs. 

' 

i 

4.66 

1    4.66 

21 
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Photo- Electric  Current  X  10*®  in  Oxygen  followed  by  lest  in  Hydrogen. 


Remarks. 

Oxygen. 

Hydrogen. 

Metal. 

After 

Cathode. 

After 

Anode. 

Initial. 

After 

Cathode. 

After 

Anode. 

Aluminium 

.22 
.42 

0 
0 

Antimony 

,    0 

0 

Bismuth 

0 

0 

Cadmium 

0 

0 

Copper 

1.85 
.42 

.83 
0 

Iron 

0 

0 

Lead 

0 
.05 

0 
0 

Nickel 

.33 
.28 

0 
1.2 

Platinum 

.08 

0 

.04 

.03 

.01 

4.77 
7.3 

15.7 
36.1 

Stood  12  hrs. 

12.2 

11.1 

23.3 

Silver 

0 

0 

Zinc 

.055 

.014 

.083 

.055 

.022 

6.1 

16.7 

From  these  tables  it  may  be  seen  that  the  photo-electric  activity 
of  all  the  metals  is  increased  by  use  as  anode  in  a  glow  current  in  hy- 
drogen while  none  of  them,  with  the  exception  of  silver  in  nitrogen, 
exhibits  this  property  in  any  of  the  other  gases.  This  exception 
makes  it  probable  that  there  is  an  absorption  of  nitrogen  by  silver  or 
the  formation  of  a  chemical  compound  sufficiently  unstable  to  allow 
the  nitrogen  to  play  with  the  silver  a  part  similar  to  that  universally 
played  with  all  metals  by  hydrogen.  To  test  this  supposition  carbon, ' 
which  is  known  to  absorb  nitrogen  readily,  was  also  tried  and  found 
to  show  a  slight  increase  after  use  as  anode  in  this  gas  —  which 
results  are  given  in  the  foregoing  tables. 

7.  Change  with  Time  of  Exposure,  — Tests  were  also  made  of  the 
rate  of  increase  of  the  photo-electric  activity  of  different  metals  by 
simply  standing  at  a  given  potential  in  hydrogen.  Similar  tests  were 
also  made  to  determine  the  effect  of  the  time  of  exposure  to  the 
conducting  gas.  The  results  are  embodied  in  the  following  tables. 
Preliminary  to  each  observation  the  metal  was  brought  to  the  same 
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initial  condition  by  use  as  cathode.  The  photo-electric  effect  was 
then  tested  as  in  the  foregoing  experiments  with  the  metal  at  a  nega- 
tive potential  of  40  volts. 

Photo- Electric  Current  from  Platinum  in  Amperes  X  10^<^. 


Time  In  Oaa 

Potential  of  Metal  while  Standing  in  Non-Conducting  Gaa. 

(Minutes). 

0 

— ao 

-40 

—  xao 

+  iao 

0 

7.7 

8 

7.2 

8.3 

8.8 

1 

11.1 

17.2 

15.8 

16.4 

16.5 

2 

17.4 

17.4 

17 

20.5 

16.4 

4 

20.4 

5 

21.6 

22.2 

24.4 

23.3 

6 

22.8 

10 

22.2 

24.2 

24.4 

28 

24.1 

IS 

23.8 

This  shows  a  marked  time  effect,  approximating  a  maximum  ac- 
tivity in  10  to  15  minutes  for  all  potentials  of  the  metal.  No  varia- 
tion with  potential  is  however  appreciable. 

The  next  table  shows  the  effect  of  time  of  exposure  to  the  con- 
ducting gas  in  seconds  instead  of  minutes  as  above. 

Photo-Electric  Current  from  Platinum  in  Amperes  X10*°. 


Time  in  Gaa 

Potential  of  Metal  while  Standing  in  Conducting  Oas. 

(Seconds). 

0 

—  ao 

—  100 

+  xoo 

.2 

22.5' 

19.4 

23.9 

23.8 

1 

23.9 

22.2 

22.7 

25.5 

5 

25.5 

28.9 

23.9 

28.3 

10 

22.7 

28.3 

29.5 

31.1 

60 

36.1 

36.6 

Here  we  find  the  activity  of  the  metal  increases  far  more  rapidly 
in  the  conducting  gas  than  in  the  non-conducting,  there  being  very 
little  increase  after  the  first  second  exposure. 

The  effect  with  various  metals  in  non-conducting  gas  is  shown  by 
the  next  table.  All  exhibit  the  quality  of  increasing  toward  a 
maximum  activity  with  time  of  exposure  to  hydrogen.  A  few 
show  a  decrease  after  a  certain  time  is  reached. 
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Increased  Activity' of  Metals  by  Standing  Insulated  in  Non- Conducting  Hydrogen* 
Current  in  Amperes  X  10***. 


Ill 

S 

9 
1 

.4 

ts 

1 

e 

9 

8 

3 

Ct 

I 

i 

1 

i'i 

Silver. 

i 

0 

2.2 

5.7 

.89 

2.7 

2.8 

2.8  1  7.2 1  4.8 ,  7.2 

31 

3.2 

1 

2 

5 

1.1 

2.8 

10 

S 

10 

3.1 

8.9 

9.2  8.6 ;  16 

—  11  i  17 

10  ;  12  1  - 

53 

4.4 

2 

4.2 

14 



26 

10 

8.9 

55 

8.9 

6 

— 

— 

— 



— 

— 

— 

— 

-  |23 

10 

— 

15 

15 



35 

10 

— 

18 

13   24 

61 

15 

— 

20 

— 

7.2 

31 

— 

14  '14  '24 

— 

9.4 

25 

— 

24 

Conclusions. 

{a)  From  all  of  the  tests  made  the  indications  are  that  hydrogen 
is  the  important  factor  in  the  photo-electric  current.  The  relatively 
small  values  obtained  for  the  photo-electric  activity  in  helium  and 
oxygen  make  it  probable  that  if  the  metal  could  be  entirely  freed 
of  hydrogen  it  would  give  no  photo-electric  current.  The  rela- 
tively large  values  obtained  after  use  as  cathode  in  hydrogen  are 
most  naturally  ascribed  to  the  fact  that  there  is  as  shown  in  §  7  a 
rapid  recovery  of  the  metal  by  simply  standing  in  this  gas.  It  is 
likely  that  an  immediate  test  of  the  metal  after  use  as  cathode  in 
hydrogen,  if  such  were  possible,  would  reveal  an  activity  no  greater 
than  that  obtained  under  the  same  conditions  in  helium. 

{p)  It  was  repeatedly  noticed  that  the  metal  after  use  as  cathode 
in  hydrogen  became  negatively  charged,  and  that  after  use  as  anode 
it  became  positively  charged  by  simply  standing  in  the  non-con- 
ducting gas.  This  appears  to  indicate  a  transfer  of  negative  elec- 
tricity with  hydrogen,  in  that  after  use  as  cathode  it  absorbs  hy- 
drogen and  with  it  negative  electricity — after  use  as  anode  its 
surcharge  of  hydrogen  is  given  off  and  along  with  that  also  nega- 
tive electricity. 

{c)  The  photo-electric  activity  of  silver  and  of  carbon  being 
slightly  increased  in  nitrogen  leads  to  the  suggestion  that,  under 
favorable  conditions,  other  gases  than  hydrogen  might  also  play 
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the  same  part.  The  increase  of  the  activity  of  silver  by  use  as 
anode  in  nitrogen  was  however  small  compared  with  the  increase 
caused  by  hydrogen. 

{d)  The  tables  show  that  in  most  cases  the  photo-electric  activity 
was  larger  in  nitrogen  than  in  either  helium  or  oxygen.  Whether 
this  difference  arose  entirely  from  the  metals  being  cleaner  or  in 
part  from  the  effect  of  the  nitrogen  must  remain  an  open  question. 
We  are  inclined  to  ascribe  it  to  the  fact  that  more  intense  cleaning 
currents  with  the  metal  serving  as  cathode  were  used  in  this  gas, 
having  observed  that  the  activity  was  in  general  much  greater  after 
large  cleaning  currents  than  after  small  ones.  In  the  case  of  nitro- 
gen, this  current  was  in  some  instances  sufficiently  intense  to  melt 
the  solder  supporting  the  electrode.  On  the  other  hand  it  is  very 
improbable  that  the  relatively  small  values  obtained  in  helium  and 
oxygen  were  entirely  caused  by  tarnish,  since  none  was  visible  in 
any  of  the  tests  made  in  helium,  oxygen  or  nitrogen  (with  the 
single  exception  of  silver  in  oxygen). 

I  wish  here  to  express  my  thanks  to  Dr.  C.  A.  Skinner,  of  the 

University  of  Nebraska,  for  his  help  and  inspiration  to  me  in  this 

work. 

Thb  Brace  Laboratory  of  Physics, 
University  op  Nebraska,  Lincoln, 
May,  1908. 
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OPTICAL  PROPERTIES  OF  COLLODION  AND   CELLU- 
LOID. 

By  a.  Trowbridge. 

IN  an  attempt  to  find  a  substance  suitable  for  use  as  a  protective 
coating  to  the  rock-salt  surfaces  commonly  employed  in  infra-red 
spectro-bolometric  work  the  present  writer  has  recently  investi- 
gated the  optical  properties  of  collodion  in  the  spectral  region 
lying  between  the  red  and  the  wave-length  X  =  io  /i  (iO"'cm.). 

While  collodion  is  not  suitable  as  a  protective  coating  beyond 
the  wave-length  X=6  fz  its  optical  properties  are  sufficiently  intei:- 
esting  to  warrant  the  publication  of  a  brief  report  of  the  work. 

The  films  of  collodion  were  formed  by  flowing  the  liquid  on  a 
plane-parallel  polished  rock-salt  plate  and  allowing  the  alcohol  and 
ether  to  evaporate.  After  a  few  trials  it  was  found  possible  to  pro- 
cure excellent  optical  surfaces  which  were  fairly  uniform  in  thick- 
ness. 

The  rays  from  a  Nernst  filament  were  brought  to  a  focus  on  the 
slit  of  a  large  mirror  spectrometer  by  means  of  a  silvered  concave 
mirror.  Between  the  Nernst  filament  and  its  real  image  on  the 
slit  the  rock-salt  plate  with  its  film  of  collodion  was  mounted  so 
that  it  might  be  brought  to  a  position  to  transmit  the  rays  at  approx- 
imately normal  incidence  or  removed  entirely  from  the  beam. 

The  spectrometer  used  had  a  divided  circle  of  about  25  cm.  radius 
provided  with  micrometer  microscopes  to  read  to  one  second  of  arc. 
The  spectrometer-mirrors  were  1 2  cm.  in  diameter  and  of  one  meter 
focal  length.  Dispersion  was  obtained  by  means  of  a  rock-salt 
prism,  12  cm.  high  x  7  cm.  provided  with  the  mirror  arrangement 
due  to  Wadsworth. 

A  bolometer  and  galvanometer  were  used  as  a  measuring  instru- 
ment, the  sensibility  of  which  was,  in  terms  of  the  candle  at  a  meter 
distance,  about  1,500  scale  divisions. 

The  bolometer  with  its  balancing  coils  and  fine  adjustment  slides 
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was  mounted  in  a  water-jacketed  air-tight  metal  case  provided  with 
a  rock-salt  window  in  front  of  the  exposed  strip  which  was  0.5  mm. 
wide  and  20  mm.  long.  The  resistance  of  the  strip  was  about  3 
ohms  and  the  current  flowing  in  it  0.08  ampere.  The  galva- 
nometer was  a  four  coil  astatic  needle  instrument  provided  with 
triple  concentric  soft  iron  shields  —  the  movable  system  weighed 
5  mg.  and  the  resistance  of  the  galvanometer  coils  connected  in 
multiple  was  3  ohms. 

The  method  employed  in  obtaining  the  data  for  the  transmission 
of  the  collodion  film  was  as  follows  :  The  spectrometer  was  set  so 
that  energy  of  a  known  wave-length  fell  on  the  bolometer  strip. 
The  steady  deflection  of  the  galvanometer  was  taken  as  proportional 
to  the  energy  of  the  given  wave-length  in  the  light  of  the  source. 
The  rock-salt  and  collodion  films  were  then  placed  in  the  path  of 
the  rays  from  the  source  and  the  galvanometer  deflection  taken  as 
proportional  to  the  energy  transmitted  by  the  rock  salt  and  film. 

From  three  to  ten  such  observations  were  taken  for  every  setting 
of  the  spectrometer  in  order  to  eliminate  errors  due  to  irregularities 
in  the  radiation  of  the  source. 

The  average  of  the  ratios  obtained  by  dividing  the  transmitted 
energy  by  the  incident  energy  is  the  percentage  of  energy  trans- 
mitted. The  difference  between  this  and  100  is  the  per  cent,  ab- 
sorbed and  reflected  by  the  film  and  salt  plate  together. 

In  order  to  eliminate  the  effect  of  the  plate  it  was  of  course 
necessary  to  repeat,  the  observations  using  the  same  plate  with  a 
film  of  some  different  thickness.  The  results  of  these  two  series  of 
observations  are  shown  by  two  of  the  curves  of  the  accompanying 
figure  —  the  upper  curve  a  showing  the  transmission  of  the  plate 
with  a  thin  film,  the  lower  curve  b  that  with  a  thicker  film. 

The  difference  in  thickness  of  the  two  films  used  was  about  o.cxx>3 
cm.  This  value  is  estimated  in  part  from  a  long  series  of  measure- 
ments with  a  large  spherometer  and  in  part  by  an  interference 
experiment. 

As  the  thickness  given  above  is  proba"bly  not  correct  to  within 
20  per  cent,  and  as  this  error  would  enter  into  any  absolute  values 
calculated  from  the  experimental  data  (though  the  relative  values 
are  probably  correct  to  within  less  than  one  per  cent.)  the  results 
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of  the  observations  on  transmission  are  here  given  in  graphical  form 
only. 

In  addition  to  the  transmission  experiments  data  were  obtained 
on  the  reflection  at  approximately  normal  incidence  (curve  c)  from 
the  thicker  collodion  film  and  on  the  transmission  of  a  film  of  clear 
celluloid  (0.07  mm.  thick)  curve  d. 

Collodion  shows  two  strong  absorption  bands  and  one  wpak 
double  band.  The  positions  of  the  strong  bands  are  X  5.89//  and 
X  =  7.7gfJL,  The  former  of  these  is  so  narrow  that  it  might  well 
serve  as  a  reference  point  in  the  infra-red  spectrum. 

The  middle  of  the  double  band  lies  at  about  3  /i,  as  may  be  seen 
from  the  scale  of  wave-lengths  at  the  top  of  the  figure. 

It  was  impossible  to  carry  out  transmission  experiments  on  the 
relatively  thick  celluloid  film  beyond  6.75  fi  on  account  of  lack  of 
energy.  In  the  region  from  ^=i/i  to  ^  =  6.75/1  there  occurs  a 
double  band  whose  middle  is  coincident  with  the  double  band  of 
collodion  and  a  single  band  also  coincident  with  the  first  single 
band  of  collodion. 

It  would  seem  that  this  band  is  characteristic  of  nitro-cellulose 
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which  is  contained  in  both  collodion  and  celluloid,  and  it  is  possible 
that  the  band  at  ^  s  7.79  //  is  also  characteristic  since  the  only 
other  substances  which  would  be  likely  to  produce  absorption  are 
water,  alcohol  and  ether.  Aschkinass  ^  has  reported  water  bands  at 
X  B  3.06  and  X  =  6. lo/u  and  Julius^  found  a  strong  band  of  the  . 
alcohols  at  3.45  fx  and  for  ether  at  3.45  fi  and  5.58  /ji. 

It  is  evident  that  neither  of  the  single  bands  of  collodion  nor  the 
single  band  of  celluloid  is  due  to  any  one  of  these  substances.  It 
is  not  possible  to  draw  the  same  conclusion  with  regard  to  the  double 
band  at  3  //. 

In  the  case  of  collodion  there  is  a  fourth  region  of  absorption 
with  its  maximum  about  X  =  9.4  //.  It  was  impossible  to  explore 
this  region  accurately  on  account  of  lack  of  energy. 

Since  the  transmission  of  collodion  films  of  two  different  thick- 
nesses was  studied  it  was  possible  to  eliminate  the  effect  of  reflec- 
tion and  of  the  absorption  of  the  rock-salt  plate  on  which  the  films 
were  formed.  The  values  of  nx  for  the  middle  of  the  absorption 
bands  at  5.89  fjt,  7.79  fi  and  9.4 /i  are  0.14,  0.29  and  0.33  respec- 
tively. 

Nitro-cellulose  has  one  or  more  well-marked  absorption  bands 
in  the  infra-red  for  which  the  extinction  coefficient  attains  a  suffi- 
ciently large  value  to  account  for  the  evidences  of  metallic  reflection 
exhibited  in  curve  r. 

Princeton  University,       * 
June,  1908. 

1  Wied.  Ann.,  55,  1895. 
«BeibI.,  17,34,  1893. 
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A  SINE-WAVE  ELECTRICAL  OSCILLATOR  OF  THE 
ORGAN  PIPE  TYPE.^ 

By  Frederick  K.  Vreeland. 

THE  apparatus  here  described  is  designed  to  produce  undamped 
electrical  oscillations  of  pure  sine-wave  form,  constant  ampli- 
tude and  constant,  but  readily  controllable,  frequency.  The  power 
is  derived  from  an  ordinary  direct-current  lighting  circuit,  and  the 
transformation  into  high  frequency  alternating  current  is  effected  by 
a  purely  electrical  method  without  the  intervention  of  moving  parts. 
Several  forms  of  the  apparatus  have  been  developed  which  are  of 
the  same  general  type,  but  which  accomplish  the  result  by  some- 
what different  means.  Two  of  these  are  selected  for  description 
here  because  they  may  be  regarded  as  typical  and  because  they  are 
peculiarly  fitted  to  meet  the  demands  of  ordinary  laboratory  service 
and  general  electrical  testing,  where  it  is  desirable  to  have  an  ap- 
paratus which  is  convenient,  self-contained,  positive,  reliable,  and 
not  requiring  manipulation  or  adjustment  when  in  operation.  A 
third  form  which  is  capable  of  handling  larger  amounts  of  power  at 
extremely  high  frequencies  will  be  the  subject  of  another  paper. 

I  have  designated  the  apparatus  as  being  of  the  "  organ  pipe 
type  "  because  the  process  of  transforming  the  continuous  direct 
current  into  an  undamped  harmonic  one  is  closely  analogous  to  the 
phenomena  which  occur  in  an  organ  pipe.  Free  oscillations  are  set 
up  in  an  electrical  oscillating  circuit,  and  these  oscillations  are  main- 
tained at  constant  amplitude  by  continuously  feeding  energy  into 
the  circuit  in  synchronism  with  the  oscillations  to  supply  that  lost  in 
the  circuit  itself  and  in  doing  external  work.  The  process  consists 
briefly  in  causing  the  direct  current  to  maintain  an  arc,  or  stream  of 
electrons  forcibly  ejected  from  a  cathode,  and  causing  this  arc  or 
streani  of  electrons  to  impinge  on  one  or  the  other  of  two  anodes 
constituting  the  positive   terminals  of  the  double   arc.     In  shunt 

^  Paper  presented  before  the  American  Physical  Society,  February  28,  1908. 
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across  these  anodes  is  connected  an  oscillating  circuit,  comprising 
a  capacity  and  a  self-induction  in  series,  and  means  are  provided 
for  deflecting  the  cathode  blast  so  that  it  will  impinge  firsit  on  one 
anode  and  then  on  the  other,  thus  applying  a  series  of  alternating 
impulses  to  the  two  terminals  of  the  oscillating  circuit.  The 
frequency  with  which  the  arc  is  deflected  is  made  to  coincide  with 
the  natural  frequency  of  the  oscillating  circuit  by  causing  the 
deflection  to  be  produced  or  controlled  by  the  oscillations  them- 
selves, and  in  this  manner  energy  is  fed  into  the  oscillating  circuit 
in  synchronism  with  the  oscillations. 

There  are  a  number  of  ways  in  which  the  deflection-x)f  the  arc  or 
cathode  blast  may  be  accomplished.*  Two  of  the  most  effective 
are  described  below.  In  both  of  these  the  arc  is  deflected  by  a 
magnetic  6eld,  which  in  the  one  case  is  transverse,  or  normal  to  the 
path  of  the  current,  and  in  the  other  case  axial,  or  parallel  to  the 
flow  of  current,  but  with  the  direction  of  its  axis  continuously 
varying. 

The  Transverse  Field  Method. 

For  the  purpose  of  exciting  the  oscillations  it  is  possible  to  use 
an  ordinary  carbon  arc,  having  two  positive  electrodes  and  a  single 
negative,  but  it  is  preferable  to  employ  a  form 
of  arc  in  which  the  electrons  are  more  free  to 
move,  and  hence  more  readily  deflected  by  the 
magnetic  field.  This  condition  is  met  admir- 
ably by  a  mercury  arc  in  vacuo,  which  has  the 
further  advantage  of  being  perfectly  self-con- 
tained and  automatic  in  its  action.  It  is 
capable  of  carrying  large  currents  at  con- 
venient voltages,  and  the  cathode  material, 
mercury,  being  easily  condensable,  flows  to 
the  bottom  of  the  containing  tube  and  keeps 
the  cathode  constantly  replenished, 

The  diagram,  Fig.  i,  shows  the  circuit  con-  Fig.  1.  Connection  Dia- 
nections    of    the   transverse   field   apparatus.     g»»m— Transverse  Field 

TT  T-  •  .        ,        .  Oscillator. 

Here    /   is   a  mercury-vapor  tube  having  a 
single  mercury  cathode  K,  and  two  carbon  anodes  A,  B,     This  tube 
^  See  U.  S.  Patents  Nos.  829934  and  829447,  August  28,  1906. 
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is  connected  across  a  source  of  direct  current  through  a  regulating 
rheostat  R  and  a  pair  of  choke  coils  ZZ',  one  in  each  anode  branch. 
The  oscillating  circuit  AFCPB  is  shunted  across  the  anodes  AB^ 
and  comprises  the  condenser  C  and  a  pair  of  field  coils  FP,  These 
coils  are  so  placed  as  to  embrace  the  body  of  the  tube,  which  is 
spherical  in  form,  so  as  to  produce  the  necessary  magnetic  flux  for 
deflecting  the  arc.  The  coils  are  placed  with  their  axis  perpendicu- 
lar to  the  plane  of  the  three  electrodes  of  the  tube,  hence  their  field 
tends  to  deflect  the  electrons  laterally  in  this  plane. 

The  choke  coils  LU  serve  to  maintain  a  constant  current  in  the 
tw'o  anode  branches,  so  that  the  current  through  the  tube  is  nor- 
mally divided  equally  between  the  two  anodes.  When  a  current 
traverses  the  field  coils,  however,  the  arc  is  deflected  laterally,  so 
that  there  is  a  tendency  for  more  current  to  flow  through  one  anode 
than  through  the  other.  As  the  choke  coils  prevent  any  material 
variation  in  the  supply  current,  this  tendency  results  in  a  current 
impulse  traversing  the  oscillating  circuit  from,  say,  anode  A  to 
anode  B,  This  current  traverses  the  field  coils,  which  are  wound 
in  such  a  direction  that  the  resulting  magnetic  flux  tends  still 
further  to  deflect  the  arc,  and  cause  an  increased  current  to  flow 
from  anode  A  to  anode  B.  This  continues  until  the  condenser  C  is 
charged  to  a  certain  limiting  point,  when  it  begins  to  discharge, 
reversing  the  field,  and  causing  the  arc  to  be  deflected  in  the  other 
direction,  so  as  to  force  the  current  through  the  oscillating  circuit 
from  anode  B  to  anode  A,  This  process  being  repeated  indefinitely 
results  in  feeding  energy  into  the  oscillating  circuit  in  synchronism 
with  the  oscillations,  which  are  thus  maintained  at  constant  ampli- 
tude and  at  a  frequency  determined  by  the  electrical  constants  of 
the  oscillating  circuit.  The  frequency  may  be  controlled  instantly 
at  will  by  varying  the  capacity  of  the  condenser  or  the  self-induction 
of  the  field  coils. 

The  Deflected  Beam  Method. 
In  the  above  described  method  the  direction  of  the  magnetic  field 
is  normal  to  the  ps^th  of  the  electrons  from  cathode  to  anode,  hence 
they  are  urged  in  a  direction  perpendicular  to  the  magnetic  flux  and 
to  their  own  velocity  and  so  tend  to  follow  the  surface  of  the  glass 
in  the  shortest  path  from  the  cathode  to  the  preferred  anode. 
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In  the  second  method,  whose  arrangement  is  shown  diagrammati- 
callyin  Fig.  2,  the  mercury-vapor  tube  is  embraced  by  a  pair  of  field 
coils  MN  having  their  axis  vertical,  that  is,  parallel  to  the  axis  of 
the  tube.  These  coils  are  traversed  by  a  constant  direct  current 
which  excites  an  axial  magnetic  field  of  unvarying  intensity,  hence 
those  electrons  which  are  ejected  from  the  cathode  in  a  truly  axial 
direction  will  not  be  influenced  by  the  field.  Those  which  are  ejected 
obliquely  will  be  unaffected  as  regards 
the  axial  component  of  their  velocity, 
but  in  the  horizontal  component  they 
will  experience  a  force  at  right  angles  to  J^ 
the  magnetic  flux  and  to  the  direction  of  -y- 
this  horizontal  component.  This  con- 
stant deflecting  force  will  transform  the 
horizontal  velocity  into  a  circular  mo- 
tion, which  being  compounded  with  the 
axial  component  results  in  the  electron 
describing  a  helix  having  its  axis  coin- 
ciding with  the  direction  of  the  magnetic  Fig.  2.  Connection  Diagram  — 
flux.  If  the  field  be  strong  the  diameters  ^*^^^'^  ^^"^  Oscillator, 
of  these  helices  will  be  small,  and  we  may  say  approximately  that 
all  the  electrons,  whatever  their  initial  direction,  are  forced  to  fol- 
low the  direction  of  the  magnetic  field. 

This  \&  made  distinctly  visible  in  the  operation  of  the  apparatus. 
When  the  field  is  not  excited  the  arc  appears  as  a  pale  diffused  glow, 
filling  the  tube ;  but  immediately  on  closing  the  circuit  through  the 
axial  field  coils  a  brilliant  beam  of  light  is  seen,  starting  from  the 
bright  pit  on  the  surface  of  the  cathode  and  following  the  direction 
of  the  flux  until  it  impinges  on  the  glass,  or  on  one  of  the  anodes. 

If  now  the  axis  of  the  field  be  made  oblique,  instead  of  truly  ver- 
tical, the  beam  will  be  correspondingly  deflected  ;  and  so  by  changing 
the  direction  of  the  field  the  beam  may  be  caused  to  impinge  on  either 
of  the  two  anodes  at  will.  When  it  impinges  on  an  anode  the  con- 
ductivity of  the  path  from  this  anode  to  the  cathode  is  greatly  in- 
creased, and  an  impulse  is  impressed  on  the  terminal  of  the  oscillat- 
ing circuit  connected  to  this  anode.  By  causing  the  direction  of  the 
field  to  vary  periodically  these  impulses  may  be  applied  to  the  two 
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anodes  in  succession  and  in  synchronism  of  the  oscillations,  thus 
supplying  energy  to  the  oscillating  circuit. 

A  convenient  way  of  changing  the  direction  of  the  field  is  by 
compounding  it  with  an  alternating  field  having  its  axis  perpendicu- 
lar to  the  axis  of  the  constant  field,  and  in  the  plane  of  the  anodes. 
Thus  in  Fig.  2  the  alternating  field  is  exdted  by  the  coils  FP ^  which 
constitute  the  self  induction  of  the  oscillating  circuit  AFCP B,  The 
constant  axial  field  is  represented  by  the  arrow  Ko  and  the  alternat- 
ing field  by  the  arrow  oa  or  ob.  The  resultant  flux  varies  little  in 
intensity,  but  its  direction  changes  from  A'^to  Kb,  the  angle  aKb\y^m% 
determined  by  the  relative  intensities  of  the  two  component  fields. 
These  intensities  are  so  adjusted  that  the  maximum  angle  embraces 
the  arc  of  the  anodes  AB,  which  in  this  form  of  apparatus  are  made 
of  sheet  iron  bent  on  the  arc  of  a  circle  having  its  center  at  the  cath- 
ode. When  the  apparatus  is  in  operation  the  vibrating  cathode  blast 
appears  spread  out  as  a  fan  or  wedge  of  light  having  its  apex  at  the 
cathode  and  sweeping  over  the  surface  of  the  two  anodes. 

The  bombardment  of  the  anodes  by  the  cathode  blast  is  accom- 
panied by  a  considerable  mechanical  force,  which  is  suflfident  to 
bend  visibly  the  anode  on  wliich  the  blast  impinges.  By  adjusting 
the  frequency  to  correspond  to  the  natural  period  of  vibration  of 
the  anodes  they  may  be  caused  to  vibrate  so  violently  as  to  seri- 
ously endanger  the  tube. 

Practical  Features. 

This  form  of  oscillator  possesses  certain  advantages,  but  for  ordi- 
nary laboratory  purposes  the  transverse  field  type  is  usually  prefer- 
able because  of  its  extreme  simplicity.  It  is  started  by  means  of 
an  auxiliary  anode  Ao  in  the  bottom  of  the  tube,  which  is  brought 
into  momentary  contact  with  the  mercury  of  the  cathode  by  agi- 
tating the  tube,  the  starting  switch  5"  being  closed,  thus  breaking 
down  the  cathode  resistance  and  establishing  the  arc.  Once  started  it 
will  continue  to  oscillate  indefinitely  without  adjustment  or  attention 
of  any  kind,  and  without  fluctuations  of  intensity  or  frequency  of  the 
oscillations. 

The  wave-form  is  exceedingly  pure  :  thus  when  the  oscillations 
are  used  in  comparing  a  very  inefficient  condenser  with  an  eflSdent 
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Standard,  or  in  measuring  an  inductance  containing  iron,  using  a 
sensitive  bridge  method  with  telephone  and  compensating  series 
resistance,  the  balance  point  is  marked  by  absolute  silence  without 
a  trace  of  the  higher  harmonics  which  can  never  be  eliminated  by 
adjustment  if  they  are  present  in  the  supply  current.  It  is  thus 
possible  to  make  settings  of  the  most  extreme  precision. 

The  constancy  of  frequency  and  intensity  and  the  purity  of  wave- 
form are  due  in  large  measure  to  two  factors  :  First,  the  shunting 
of  the  oscillating  circuit  across  the  two  anodes  eliminates  from  this 
circuit  the  only  possible  source  of  irregular  fluctuations,  viz.,  the 
cathode.  Fluctuations  at  the  anode  surface  and  in  the  vapor  column 
are  practically  nil.  Second,  the  energy  supply  is  not  made  up  of 
discontinuous  explosive  impulses,  as  in  the  various  "singing-arc" 
methods,  but  is  a  continuous  function,  approximately  harmonic  in 
form,  resulting  from  gradual  changes  in  the  conductivity  of  the 
vapor  column.  Thus  the  oscillations  are  not  forced,  but  are  the 
natural  vibrations  of  the  oscillating  circuit,  and  are  determined  defi- 
nitely by  the  constants  of  that  circuit.  Furthermore,  this  circuit, 
being  a  "stiff*'  vibrator,  effectually  sifts  out  any  harmonics  which 
the  wave-form  of  the  energy  supply  might  tend  to  introduce. 

The  characteristics  of  the  current  and  electromotive  force  waves 
are  shown  by  the  oscillograph  records.  Figs.  3,  4  and   5,  which, 
though    necessarily  taken    at    relatively 
low   frequencies,    may   be    regarded   as 
typical.     Fig.  3  is  a  typical  record  of  the 
loaded  condition.     The  middle  curve  lo 
represents  the  alternating  current  in  the     , 
oscillating  circuit ;  the  lower  curve  la  is 
the  pulsating  current  in  one  anode,  which 
consists  in  the  alternating  current  super-     1 
imposed  upon  the  constant  direct-current 
supply  ;    the  upper  curve    V  represents 
the  potential  difference  between  the  two  ^" 

anodes,  which  is  instrumental  in  supplying  the  energy  to  the  oscil- 
lations.    It  will  be  noted  that  the  current  wave  shows  no  trace  of 
the  flat  minimum  which  is  characteristic  of  the  singing-arc  methods. 
Fig.  4  is  a  similar  record  taken  at  a  frequency  of  2,000  cycles 
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per  second.  This  is  about  the  limit  of  the  oscillograph's  capacity, 
and  the  wave-forms  are  somewhat  distorted  on  account  of  the  near 
approach  to  the  natural  period  of  the  galvanometer  system. 

Fig.  5  shows  the  apparatus  under  light  load.  As  the  amplitude 
of  the  oscillation  is  now  equal  to  the  direct  anode  current  no  further 
increase  in  amplitude  is  possible,  hence  the  energy  supply  must  be 
cut  down.  This  is  accomplished  automatically  by  a  diminution  in 
the  area  of  the  E.M.F.  curve,  which  is  shown  by  the  notched  crest. 
This  notch  becomes  deeper  with  decreasing  load.  When  the  oscil- 
lator is  fully  loaded  the  notch  completely  disappears,  as  in  Figs.  3 
and  4.  The  apparatus  thus  works  at  practically  constant  current 
over  a  wide  range  of  output. 


la 


lo 


Fig.  4.  Fig.  5. 

The  life  of  the  tube  has  no  limit  which  has  yet  been  determined. 
One  of  the  oscillators  exhibited  at  the  meeting  has  been  in  operation 
in^my  laboratory  for  nearly  three  years  without  showing  any  sign 
of  deterioration. 

Fig.  6  is  a  photograph  showing  a  complete  oscillator  set  of  the 
transverse  field  type. 

The  mercury  vapor  tube  is  seen  with  its  globular  portion  sur- 
rounded by  the  two  annular  field  coils,  which  are  mounted  on 
pedestals  above  a  hollow  base.  This  base  contains  the  condensers, 
choke  coils,  and  a  small  motor-driven  fan  for  cooling  the  tube.  The 
condenser  is  divided  into  ten  large  and  ten  small  units,  the  former  be- 
ing connected  to  a  fan  switch  for  coarse  adjustment  of  the  frequency 
and  the  latter  to  a  similar  switch  for  fine  adjustment.  These  switches 
are  seen  mounted  on  top  of  the  base.     If  desired  infinitesimal  varia- 
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tions  of  frequency  may  be  obtained  by  slightly  moving  one  of  the 
field  coils,  thereby  altering  the  effective  self-induction  of  the  system. 
There  is  also  a  double-throw  switch  by  which  the  field  coils  may 
be  connected  either  in  series  or  in  parallel,  giving  a  variation  fre- 
quency of  2  to  I. 


Fig,  6.     Complete  Oscillator — Transverse  Field  Type. 

The  third  coil  shown  in  the  figure  is  an  adjustable  secondary 
from  which  the  working  current  is  taken  off.  This  coil  is  wound  in 
sections  controlled  by  a  button  switch  on  its  standard,  and  is  ar- 
ranged to  slide  horizontally  and  to  rotate  on  a  vertical  axis  for  ad- 
justing the  mutual  induction  between  primary  and  secondary,  and 
hence  the  strength  of  the  induced  secondary  current.  There  is  also 
a  secondary  condenser,  adjusted  by  a  third  fan  switch,  which  may 
be  connected  in  series  with  the  secondary  coil  for  purposes  of 
tuning. 

This  apparatus  was  constructed  for  the  writer  by  the  Leeds  & 
Northrup  Company  of  Philadelphia. 
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ON  THE  RANGE  AND  TOTAL  IONIZATION  OF  THE 

a  PARTICLE. 


T 


By  S.  J.  Allen.    . 

Introduction. 
HE  original  object  of  this  investigation  was  to  determine  the 
range  of  the  a  particle  from  the  excited  activity  of  the  atmos- 
phere, and  to  compare  it  with  that  of  radium  C.  Since,  however,  the 
method  used  by  the  author  gave  results  which  were  not  seemingly  in 
accordance  with  the  present  theory  of  the  a  particle,  a  more  detailed 
investigation  was  made,  dealing  with  the  total  ionization  of  the  a 
particle  from  radium,  thorium  and  uranium.  The  results  of  this, 
together  with  those  on  the  excited  activity  of  the  atmosphere,  are 
embodied  in  the  present  paper. 

The  work  of  a  number  of  investigators  in  different  parts  of  the 
world  has  pretty  conclusively  shown  that  the  excited  activity  of  the 
atmosphere  is  due  to  the  presence  of  radium  ancl  thorium  in  the 
earth's  crust.  The  author  has  shown  in  a  recent  paper*  that  the 
excited  activity  at  Cincinnati  always  contains  RaC,  generally  RaB, 
and  sometimes  thorium  B  in  very  variable  quantities.  The  presence 
of  RaA  is  difficult  to  detect  on  account  of  its  rapid  rate  of  decay. 
There  may  also  be  a  possibility  of  the  presence  of  the  excited  ac- 
tivity due  to  actinium.  In  general  then,  by  far  the  greater  part  of 
the  excited  activity  of  the  atmosphere  is  due  to  RaC. 

The  range  of  the  a  particle  from  RaC  as  determined  by  Bragg 
and  Kleeman  is  about  7.1  cm.  and  this  ought,  therefore,  to  be  the 
maximum  range  of  the  a  particle  from  the  excited  activity  of  the 
atmosphere  if  RaC  is  always  present,  since  RaC  has  the  longest 
range  of  any  of  the  radio-active  substances  with  the  exception  of 
thorium  C. 

The  method  used  by  Bragg  and  Kleeman  to  determine  the  range  of 
the  a  particle  necessitates  a  considerable  quantity  of  the  radio-active 
^S.  J.  Allen,  Phys.  Rev.,  June,  1908. 
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material  of  sufficient  strength,  such  that,  after  passing  through  the  grid 
of  small  vertical  tubes,  the  activity  is  great  enough  to  be  measur- 
able with  accuracy. 

For  the  weak  radio-active  substances,  such  as  uranium,  and  the 
excited  activity  of  the  atmosphere,  this  method  is  not  applicable. 
Some  method  must,  therefore,  be  used  in  which  the  total  ionization 
is  measured.  In  order  to  obtain  the  range  of  the  a  particle  from 
uranium  Bragg'  has  made  use  of  a  simple  method,  which  is  appli- 
cable to  a  substance  having  but  one  range  of  its  a  particle,  but  not 
to  a  mixture  of  several  substances,  such  as  the  excited  activity  of 
the  atmosphere  is  in  general.  In  this  method  the  total  ionization 
between  two  parallel  plates,  on  the  lower  one  of  which  is  spread  a 
uniform  layer  of  the  radio-active  substance,  is  measured  for  different 
thicknesses  of  absorbing  material  placed  over  the  radio-active  layer. 
Formulae,  based  on  theoretical  considerations  of  maximum  range  of 
the  particle^  variation  of  ionizing  power  with  the  velocity  of  the  par- 
ticle, and  of  the  stopping  power  of  the  absorbing  material,  are 
deduced  by  him  and  show  the  theoretical  relation  between  the  current 
for  the  uncovered  radio-active  layer  and  that  for  any  thickness  of 
absorbing  material.  This  same  relation  is  -experimentally  obtained, 
and  by  a  comparison  between  the  two  the  range  of  the  a  particle  can 
be  deduced. 

The  method  used  in  the  present  investigation  is  based  on  the 
following  considerations  : 

The  work  of  Bragg  and  Kleeman  has  shown  that  the  a  particle 
from  a  single  radio-active  substance  is  ejected  with  always  the 
same  velocity,  and  travels  a  certain  distance  in  a  gas  before  it  has 
ceased  to  ionize.  This  distance  is  known  as  the  range  of  the 
particle,  and  is  a  constant  quantity  for  any  one  gas,  the  temperature 
and  pressure  being  kept  constant.  Furthermore,  when  a  layer  of 
absorbing  material  is  placed  on  the  radio-active  substance,  the  range 
of  the  particle  is  decreased  by  an  amount  proportional  to  the  thick- 
ness of  the  layer. 

If  D  represents  the  decrease  of  range  of  a  particle  traveling  nor- 
mal to  the  surface,  p  the  density  of  the  absorbing  layer  referred  to 
air  as  unity,  /  the  thickness  of  the  absorbing  layer,  then 

^  Bragg,  Phil.  Mag.,  June,   1906. 
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The  range  of  a  particle  making  an  angle  9  with  the  normal  will 
be  given  in  general  by  the  expression 

r^R-^  D  sec.  d^R  —  ptstc  0, 
where  R  is  the  range  when  the  radio-active  substance  is  uncovered. 
A  layer  of  radio-active  substance  of  sufficient  thickness  to  absorb 
those  particles  which  come  from  the  bottom  would  eject  particles 
having  all  ranges  from  o  to  R, 

The  distribution  of  ionization  between  the  plates  will  not  be  uni- 
form but  denser  near  the  lower  plate,  and  gradually  falling  off  as  we 
go  toward  the  upper  plate,  and  ceasing  more  or  less  abruptly  as  the 
maximum  range  of  the  particle  is  reached.  The  total  ionization 
will,  therefore,  increase  rapidly  at  first,  then  more  slowly  and  fin- 
ally reach  a  maximum  value  when  the  particles  of  maximum  range 
have  lost  completely  their  power  of  ionizing.  The  distance  between 
the  plates,  when  this  maximum  value  is  reached,  should  represent 
the  range  of  that  a  particle  of  the  greatest  velocity  which  is  pro- 
jected normally  from  its  surface  layer  of  the  radio-active  material. 

If  we  measure  the  maximum  ionizations  for  two  radio-active  sub- 
stances, of  which  the  range  of  one  is  known  then  the  range  of  the 
other  can  be  calculated  :  if  R  represent  the  range  of  the  a  particle 
and  d  the  distance  between  the  plates  for  maximum  ionization  of  the 
known  radio-active  substance,  R^  and  D^,  the  corresponing  quan- 
tities for  the  unknown  substance,  then  we  have 

This  method  gives  of  course  only  the  range  of  the  a  particle  of 
maximum  velocity.  If  the  excited  activity  of  the  atmosphere  al- 
ways contained  RaC,  then  the  range  of  the  a  particle  from  it  should 
always  be  equal  to  that  of  RaC,  viz.,  7.1  cm.,  no  matter  what  may 
be  the  rate  of  decay  of  its  activity. 

If  we  consider  only  those  particles  which  come  normally  from 
the  topmost  layer  of  the  radio-active  substance,  and  assume  that  the 
ionization  is  uniform  along  the  path  of  the  particle,  then  the  ioniza- 
tion can  be  expressed  as  follows  : 


/i=   r  7idr^7i^d{dyR\ 
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where  n  =  number  of  ions  produced  in  unit  distance.     The  maxi- 
mum value  of  this  will  be 

The  curve  representing  the  relation  between  t  and  d  will  be  a 
straight  line  from  d  =  o  to  d  =  R. 

If  we  are  dealing  with  a  radio-active  material  which  has  several 
radio-active  constituents,  such  for  example  as  radium  in  radio-active 
equilibrium,  then  each  constituent  will  give  rise  to  a  curve  of  the 
above  nature,  and  the  total  ionization  will  be  given  by  the  summa- 
tian  of  these  curves. 


i,=:n,d,     {d>R\     i^^nd,     {d>R^,     t^- 


nj^d{d>R^lGtc. 


10  £0  JO  40 

DtSTAtlCE  BETWEEN  FIATES 

Fig.  1 

This  is  illustrated  for  radium  in  Fig.  i,  the  ordinates  representing 
ionization,  and  the  abscissae  distance  between  the  plates.  The  curve 
ode  represents  the  ionization  due  to  RaC,  oce  that  due  to  radium 
emanation,  ^^^that  due  to  RaA,  and  aae  that  due  to  Ra.  The  sum- 
mation of  these  curves  gives  the  curve  oa!bU^d'e^ ,  This  curve 
therefore  would  be  that  for  an  infinitely  thin  layer  of  radium  in  radio- 
active equilibrium.  If  the  ionization  does  not  end  abruptly,  then  the 
corners  of  the  curves  would  be  rounded  off  into  a  smoother  curve. 
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The  maximum  value  of  this  curve  is  given  hy  d^  R,  the  maximum 
range  of  the  X  particle  from  RaC. 

Now  consider  the  particles  coming  from  a  layer  distant  /  below  the 
top  layer.  The  maximum  range  of  these  will  be  i?  —  pt.  The 
curves  will  be 

i,  =  nd,     {d^R,--  /)/),     /,  =  nd^,     {d>  R^^  pt\  etc., 

the  same  as  before,  except  that  the  maximum  values  will  be  less  and 
occur  at  a  shorter  distance  between  the  plates.  The  summation  of 
the  curves  for  this  layer  will  give  a  curve  which  is  identical  with 
oaJVc^dW  up  to  rf«  -ff,  —  pt,  after  which  it  is  less,  rising  to  a  maxi- 
mum {or  d^  R  ^ pt. 

If  these  two  summation  curves  are  added  together,  we  obtain  a 
curve  which  has  its  maximum  at  the  same  point  as  the  first,  viz., 
d^R. 

The  effect  of  adding  curve  after  curve  is  to  stretch  the  total  ioni- 
zation curve  upwards  and  to  the  left;  the  position  of  maximum 
ionization  always  remaining  the  same. 

Those  particles  which  are  projected  in  other  than  normal 
direction  will  not  effect  the  position  of  maximum  ionization,  but  will 
simply  stretch  the  curve  still  further  to  the  left  and  upward. 

Finally  there  is  obtained  for  the  total  ionization  due  to  a  layer  of 
radio-active  material  a  curve  such  as  ABC .  .  .  ,  which  has  its  maxi- 
mum value  for  a  distance  between  the  plates  equal  to  the  range  of  the 
a  particle  of  maximum  velocity. 

Experimental  Arrangement. 

The  experimental  arrangement  is  very  simple  and  is  shown  in 
Fig.  2.  Inside  a  brass  box  A  are  supported  two  brass  plates  B 
and  Cj  which  are  insulated  from  the  casing  by  ebonite  blocks  D, 
E  and  F,  The  plate  B  can  be  moved  up  and  down  by  means  of  a 
vertical  rod,  and  is  connected  through  this  rod  to  one  pair  of  quadrants 
of  the  null  reading  electrometer  constructed  by  the  author,  and  de- 
scribed in  a  recent  paper.*  The  lower  plate  ^contains  the  radio-active 
material,  and  is  connected  to  one  pole  of  a  battery  of  small  lead  accu- 
mulators. The  other  pole  of  the  battery  is  joined  to  the  lower  plate  b 
»S.  J.  Allen,  Phil.  Mag.,  Dec,  1907. 
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of  the  uranium  standard.  The  plate  a  of  the  standard  is  connected  to 
the  same  pair  of  quadrants  as  the  plate  B  of  the  testing  vessel.  The 
other  pair  of  quadrants  of  the  electrometer  is  joined  to  earth  through 
a  contact-key.  The  box  A  is  joined  to  earth,  as  is  also  a  point  on 
the  battery  which  is  always  adjusted  to  give  the  same  potential 
difference  (about  100  volts)  to  the  plates  a  and  b. 

The  cover  of  the  uranium  standard  slides  in,  and  out,  by  means 
of  a  rod  carrying  a  vernier  and  moving  over  a  scale  graduated  in 
millimeters.  The  calibration  curve  of  the  instrument  is  plotted  in 
relative  values  of  the  ionization,  half  way  on  the  scale  being  taken 


Fig.  2. 

as  100  per  cent,  and  the  others  expressed  accordingly.  The  maxi- 
mum position  on  the  scale  corresponds  to  208  per  cent. 

The  working  of  this  arrangement  is  evident  from  the  figure ;  a 
negative  current  from  C  to  B  charges  the  quadrants  up  to  a  nega- 
tive potential.  The  cover  of  the  standard  is  then  opened  until  the 
positive  current  so  obtained  neutralizes  the  negative  charge  on  the 
quadrants,  when  the  needle  comes  to  rest.  The  ionization  between 
B  and  C  is  thus  obtained  in  terms  of  that  of  the  standard.  The 
point  of  balance  can  easily  be  determined  to  one  half,  and  with  care 
to  two  tenths  of  a  millimeter.  Two  currents  through  CB,  differing 
as  little  as  one  half  per  cent,  can  be  quite  readily  distinguished 
from  one  another. 

The  chief  advantages  of  this  instrument  are,  that  the  relative 
values  obtained  are  independent  of  change  of  capacity  in  the  system 
and  of  change  in  the  sensitiveness  of  the  electrometer ;  two  very 
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desirable  qualities  in  this  experiment.  The  total  maximum  current 
available  with  the  standard  is  about  400  times  the  natural  leak  of 
air,  so  that  the  ionizations  used  in  this  investigation  do  not  exceed 
that  amount,  and  are  in  general  much  less. 

As  stated  above,  the  potential  difference  between  the  plates  of 
the  standard  was  kept  constant  at  100  volts,  this  being  sufficient 
for  saturation.  On  the  other  hand,  the  potential  difference  between 
B  and  C  could  be  adjusted  to  any  desirable  amount,  up  to  1,000 
volts,  so  as  to  obtain  approximate  saturation. 

It  was  found  in  general  that  1 50  volts  was  sufficient  to  produce 
the  maximum  current,  which  is  what  we  are  accustomed  to  call 
saturation. 

Experiments  with  Radium. 

In  these  experiments  the  radium  used  was  about  7,000  activity, 
and  the  active  layers  were  prepared  in  several  different  ways.  A 
thick  layer  of  large  area  could  not  be  used  as  the  ionization  from  it 
was  too  large  to  be  balanced  by  the  standard.  A  piece  of  card- 
board .5  cm.  square  was  covered  with  a  thin  coating  of  shellac  and 
then  some  powdered  radium  was  dusted  over  it.  When  hard  the 
radium  was  rubbed  off  until  just  sufficient  was  left  to  cause  a  current 
of  the  desired  amount.  This  radium  layer  was  then  placed  in  the 
center  of  the  plate  C,  and  readings  taken  of  the  ionization  for 
various  distances  between  the  plates.  A  sample  set  of  readings  for 
this  case  is  shown  in  Table  I. 

Table  I. 

Radium  Thin  Layer,     Area  =  .25  s^.  cm. 


Distance  between  Plates 
in  cm. 

Balance  Point. 

Relative  lonisation. 

0.6 

38.0 

60.0 

1.1 

55.2 

98.5 

1.6 

66.0 

122.0 

2.1 

73.5 

138.5 

26 

78.0 

148.5 

29 

79.8 

152.0 

32 

81.1 

155.0 

34 

81.6 

156.0 

36 

82.0 

156.5  max.  posiu'on 

41 

82.0 

156.5 
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These  results  are  plotted  in  a  curve  E^  Fig.  3,  where  the  ordi- 
nates  represent  ionization  and  the  abscissae  the  distance  between 
plates.  This  curve  shows  that  the  current  between  the  plates 
increases  with  their  distance  apart,  reaching  a  maximum  at  3.6  cm. 

Here  we  are  dealing  with  radium  in  radio-active  equilibrium  and 
the  a  particles  from  the  surface  should  have  a  range  equal  to  that 
of  RaC,  viz.,  7.1  cm.,  and  consequently  the  theoretical  maximum 
should  occur  at  this  distance.  Instead  of  that  the  maximum  is  ob- 
tained experimentally  at  about  hajf  this  distance.  The  error  in 
finally  determining  this  position  is  certainly  not  greater  than  i  to 
2  mm. 

Radium  films  were  next  tried,  and  were  prepared  in  two  different 


*  to  iO  JO  ^o 

mr/INCE  BETIfEEN  PLATES 

Fig.  3. 

ways.  In  the  first  the  radium  was  dissolved  in  water,  and  a  small 
amount  of  the  solution  evaporated  down  to  dryness  on  an  iron 
plate.  The  radium  bromide  did  not  dissolve  very  thoroughly,  but 
some  remained  suspended  in  fine  particles,  so  that  the  films  ob- 
tained were  composed  of  small  particles  or  crystals  more  or  less 
isolated  from  one  another.  In  fact,  as  Bragg  states,  all  radium 
films  thus  prepared  consist  of  fine  particles  distributed  over  the  sur- 
face, and  easily  seen  under  the  microscope. 
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The  iron  plate  containing  the  film  was  laid  on  the  plate  C  of  the 
testing  vessel,  and  readings  made  in  the  same  manner  as  before. 
The  results  of  one  of  these  tests  are  expressed  in  curve  B,  Fig.  3. 
The  shape  of  this  curve  is  somewhat  different  from  that  for  the 
radium  layer  £,  being  straighter  and  not  raising  so  rapidly  at 
first.  However,  we  see  that  the  maximum  occurs  at  3.5  cm.,  about 
the  same  as  for  the  radium  layer.  The  area  of  the  film  was  roughly 
25  sq.  cm.  which  is  100  times  that  of  the  radtum  layer,  so  that  the 
distribution  of  the  ionization  in.the  two  cases  was  quite  different. 
This,  together  with  the  fact  that  the  mean  range  of  all  the  particles 
in  the  case  of  the  film  is  greater  than  in  the  case  of  the  layer,  would 
account  for  the  difference  in  shape  of  the  two  curves. 

Since  the  maximum  point  is  the  same  for  both  cases,  it  would 
indicate  that  the  maximum  range  of  the  a  particle  was  the  same, 
and  that  therefore  RaC  was  present  in  the  films  as  well  as  in  the 
layer.  This  curve  was  taken  after  the  film  had  become  dry,  and 
long  before  the  radium  could  again  reach  the  state  of  radio-active 
equilibrium,  so  that  the  large  proportion  of  RaC  present  is  prob- 
ably due  to  the  solid  particles  of  the  film  not  allowing  the  emana- 
tion to  escape. 

The  solution  was  allowed  to  settle  for  some  days  and  then  a  little 
of  the  clear  solution  at  the  top  drawn  off  and  evaporated  on  a  plate. 
The  readings  for  this  case  are  plotted  in  curve  A,  Fig.  3.  The 
shape  of  this  curve  is  much  different  from  the  other  two  already 
mentioned,  rising  straighter  and  more  rapidly  from  the  origin,  and 
reaching  a  maximum  at  1.8  cm. 

These  facts  show  us  at  once  that  we  are  concerned*with  a  much 

simpler  radiation  of  a  smaller  range  than  in  the  other  two  cases. 

This  film  would  be  very  much  finer  in  grain  than  the  other  two  and 

contain  very  little  emanation  or  radium  C,  so  that  we  would  expect 

the  maximum  range  to  be  that  of  radium.    The  range  given  by  the 

equation, 

7?^4       .            ,           7.1  X   1.8 
7?^  =  -^  ,     is  equal  to     —^ —  =3-55  cm. 

This  is  about  the  same  value  as  obtained  by  Bragg  for  radium. 

The  second  method  of  preparing  the  films  was  to  suspend  the 

iron  plate  over  an  evaporating  dish  containing  a  little  radium,  and 
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then  to  heat  the  radium  to  barely  a  dull  red.  In  two  hours'  time 
a  film  too  strong  for  the  instrument  to  balance  was  obtained.  The 
film  was  then  rubbed  over  with  a  piece  of  emery  cloth  until  the 
amount  of  activity  left  was  small  enough  to  be  measured  by  the 
standard.  The  activity  of  this  film  did  not  decay  with  time  but 
after  a  month  was  a  little  stronger  than  when  first  prepared. 

The  results  of  experiments  on  this  film  are  expressed  in  curves 
Cand  D,  Fig.  3.  Curve  C  was  taken  a  few  hours  after  preparation, 
and  D  about  one  month  later.  Both  curves  are  the  same  in  shape 
and  rise  to  a  maximum  at  about  3.5  cm.  which  shows  that  radium 
C  was  present  in  both. 

I  have  never  seen  this  method  of  preparing  films  described  and 
it  might  seem  to  be  a  very  convenient  one  to  use,  when  one  does 
not  like  to  dissolve  valuable  radium  in  water.  The  film  must  be 
very  fine  in  grain,  and  attached  very  firmly  to  the  metal  to  stand 
rubbing  with  emery. 

The  results  of  these  experiments  on  radium  give  a  position  of 
maximum  current  which  is  only  about  one  half  what  it  should  be 
according  to  theory. 

At  first  sight  several  reasons  occur  to  one  which  might  account 
for  this  great  difference.  In  the  first  place,  as  the  plates  are  moved 
apart  the  electric  field  may  fall  below  that  necessary  to  saturate  the 
gas,  in  which  case  the  current  after  a  certain  distance  apart  would 
fail  to  represent  the  full  ionization  at  that  distance.  In  order  that 
there  should  be  no  doubt  with  regard  to  this  point,  a  number  of 
experiments  were  made  at  different  voltages. 

The  readings  for  these  are  shown  in  Table  II. 

These  readings  are  also  plotted  in  Fig.  4,  curve  A  representing 

Table  II. 
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those  for  155  volts,  and  curve  B  those  for  55  volts.  Both  these 
curves  are  of  the  same  shape,  and  both  rise  to  a  maximum  at  about 
the  same  point,  viz.,  3.5-3.6  cm.  The  maximum  current  only 
remains  constant  for  a  short  distance,  and  then  decreases  rapidly, 
so  that  at  a  distance  of  7.1  cm.  (the  theoretical  range)  the  current 
is  only  about  78  per  cent,  of  the  maximum.  As  can  be  seen  from 
the  table  the  ionization  is  saturated  at  about  400  to  500  volts,  that 
is  to  say,  no  more  current  can  be  obtained  with  further  increase 
of  voltage.  At  155  volts  the  current  is  almost  saturated  and  this 
voltage  is  the  one  used  in  most  of  the  other  experiments. 

If  the  ionization  is  practically  saturated  at  a  distance  of  7. 1  cm.  it 
certainly  will  be  so  for  all  distances  less  than  that,  since  the  electric 
field  will  get  greater  and  greater.  The  great  drop  in  the  curve 
after  4  cm.  cannot  therefore  be  ascribed  to  lack  of  voltage.  At 
any  rate  the  position  of  the  maximum  current  is  not  affected  much 
by  a  lack  of  saturation,  since  it  is  practically  the  same  at  50  volts  as 
it  is  at  500  volts. 

In  curve  C  are  plotted  some  results  for  a  radium  layer  of  very 
small  area  placed  in  the  center  of  the  upper  plate  B  of  the  testing 
vessel.  This  case  approximates  quite  closely  to  a  point  source. 
As  is  seen  the  first  part  of  the  curve  is  of  the  same  shape  as 
curves  A  and  B^  rising  to  a  maximum  at  3.6  cm.  The  curve 
after  3.6  cm.  does  not,  however,  drop  as  suddenly,  and  at  7.1  cm. 
the  current  is  still  about  97  per  cent,  of  the  maximum.  The  volt- 
age used  in  this  case  was  150.  At  550  volts  the  maximum  current 
was  a  little  greater,  but  occurred  at  the  same  point  and  remained 
constant  up  to  7.  i  cm.  and  then  decreased  slowly. 

The  results  when  the  radium  layer  was  placed  on  the  lower  plate 
were  exactly  the  same  as  when  placed  on  the  upper,  the  maximum 
current  always  occurring  at  about  3.6  cm.,  although  the  distribution 
of  the  ionization  in  the  two  cases  is  entirely  reversed. 

These  results,  thus  far,  would  therefore  seem  to  show  that  the 
total  ionization  between  two  parallel  plates  due  to  a  layer,  or  film, 
of  radium  in  radio-active  equilibrium  reaches  a  maximum  at  a  dis- 
tance of  3.6  cm.  away  from  the  active  substance,  instead  of  7.1  as 
theory  would  demand.  This  conclusion  is  for  weak  ionizations 
where  the  amount  of  /9  rays  present  is  too  small  to  be  considered. 
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Since  in  the  case  of  a  layer  of  radio-active  material,  the  rays 
emerge  equally  in  all  directions,  the  quantity  which  passes  vertically 
upwards  is  small  compared  to  the  total,  and  the  ionization  per  unit 
volume  near  the  radio-active  plate  much  greater  than  near  the 
other  plate.  The  amount  of  ionization  added  per  cm.  as  the  dis- 
tance between  the  plates  is  increased,  is  consequently  decreasing  and 
may  become  so  small  as  to  finally  cause  very  little  change  in  the 
total  amount,  being  offset  in  many  cases  by  decreases  due  to  other 
causes.  Still  one  does  not  see  why  this  should  be  great  enough 
to  cause  the  position  of  maximum  current  to  drop  to  nearly  one 
half  the  range  of  the  a  particle. 

In  order  to  more  fully  test  this  latter  point,  the  following  exper- 
iment was  tried.  The  upper  plate  B  of  the  testing  vessel  was  re- 
moved from  the  upright  rod,  and  a  plate  of  about  I  cm.  diameter 
placed  in  its  stead.  In  this  small  plate  was  cut  a  depression,  on  the 
bottom  of  which  was  placed  a  thin  layer  of  radium  cemented  to  the 
plate  by  shellac.  The  cone  of  rays  from  this  made  an  angle  with 
vertical  of  about  80°.  The  lower  plate  C  was  replaced  by  a  brass 
hemisphere  of  7.2  cm.  radius,  with  its  equator  in  a  horizontal  plane. 
The  hemisphere  was  attached  to  the  electrometer,  and  the  rod  con- 
taining the  radium  to  the  battery. 

In  this  arrangement  when  the  radium  is  at  the  center  of  curva- 
ture of  the  hemisphere,  the  range  of  the  a  particles  from  the  RaC 
at  the»surface  will  be  about  the  same  as  the  radius  of  the  hemisphere, 
and  therefore  the  total  ionization  should  reach  its  maximum  more 
abruptly  than  with  the  parallel  plates. 

The  obliquity  of  the  rays  ought  now  to  be  of  less  effect  than 
before,  and  the  position  of  maximum  current  approach  more  nearly 
to  the  range  of  the  particle. 

The  results  of  this  experiment  are  plotted  in  curve  F,  Fig.  4, 
which  is  seen  to  be  of  the  same  general  shape  as  before  with  the  maxi- 
mum current  occurring  at  about  3.8  cm.  The  voltage  used  was 
3  50,  which  is  quite  sufficient  for  approximate  saturation.  The  curve 
from  3.8  to  7.1  does  not  drop  appreciably,  but  after  7.1  falls  off 
quite  rapidly  reaching  at  9.9  cm.  a  value  about  84  per  cent,  of  the 
maximum. 

A  brass  tube  was  then  placed  vertically  over  the  radium,  so  as  to 
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narrow  down  the  cone  of  rays  to  about  40°  vertical  angle.  The 
position  of  maximum  current  was  now  about  4.3  cm.  As  the  cone 
of  rays  is  narrowed  down  the  position  of  maximum  current  ap- 
proaches nearer  to  the  range  of  the  particle. 

The  large  portion  of  oblique  rays  thus  seems  to  have  a  decided 
influence  on  the  position  of  the  maximum  current. 

In  the  case  of  the  parallel  plates  the  greater  proportion  of  the 
rays  are  projected  obliquely  to  the  direction  of  the  electric  field, 
which,  as  Bragg  observes,  may  cause  a  greater  difficulty  in  saturat- 
ing than  if  they  were  parallel.     In  the  experiment  with  the  hemi- 
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sphere  this  will  not  be  the  case,  since  most  of  the  rays  will  be  par- 
allel to  the  electric  field,  which  itself  is  more  or  less  radial. 

In  order  to  gain  some  further  information  with  regard  to  the  con- 
nection between  obliquity  of  the  rays  and  the  position  of  the  maxi- 
mum current  the  radium  was  placed  below  the  lower  plate  C  For 
this  purpose  the  brass  plate  C  was  replaced  by  a  plate  of  fine  gauze, 
through  which  the  rays  could  pass.  Under  these  conditions  a  great 
deal  of  the  oblique  radiation  will  be  cut  oflF  by  the  wires  of  the 
gauze,  while  the  vertical  rays  will  not  be  aflTected  to  any  great  extent. 

The  amount  of  radium  used  in  this  case  had  to  be  considerably 
greater  than  in  the  former  experiments  in  order  to  obtain  between 
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the  plates  B  and  C  sufficient  current  to  measure  with  accuracy.  The 
^  rays  now  just  began  to  make  themselves  felt,  and  where  necessary 
their  presence  was  allowed  for  in  determining  the  total  current  due  to 
the  a  rays.  Experiments  were  made  with  the  radium  placed  at  dif- 
ferent distances  below  the  gauze.  The  curves  obtained  are  shown 
plotted  in  Fig.  5.  They  are  not  all  drawn  to  the  same  scale,  but 
arranged  so  as  not  to  overlap  one  another.  The  curves  at  the  great- 
est distances  were  obtained  from  stronger  radium  layers  than  those 
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at  shorter  distances.  The  position  of  the  maximum  current  in  each 
case  is  indicated  by  the  large  cross. 

From  an  examination  of  these  curves  we  see  that  as  the  distance 
of  the  radium  below  the  gauze  increases,  the  position  of  the  maxi- 
mum current  continually  approaches  to  that  of  the  range  of  the  a 
particle  from  RaC.  At  the  surface  of  the  gauze  the  maximum  oc- 
curs at  3.6  cm,  at  a  distance  of  1.7  cm.  below  it  is  at  4.8  cm.,, 
while  at  4.0  cm.  below  it  has  increased  to  6.0  cm. 

This  increase  of  the  maximum  position  may  be  due  to  two  causes* 
In  the  first  place,  as  the  distance  between  the  radium  and  gauze  in- 
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creases,  the  proportion  of  vertical  rays  gets  greater  and  greater. 
Secondly,  the  distance  between  the  gauze  and  upper  plate  of  the  test- 
ing vessel  for  maximum  current  continually  decreases,  and  the  ions 
produced  there  have  a  shorter  and  shorter  distance  to  travel  from  one 
electrode  to  the  other. 

A  grid  made  of  a  number  of  small  glass  tubes  arranged  vertically 
was  then  placed  over  the  radium.  The  tubes  were  7  mm.  in  height 
and  about  .5  mm.  internal  diameter.     These  tubes  allowed  only 
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those  rays  which  were  nearly  vertical  to  pass  through.  The  strength 
of  the  radium  had  to  be  greatly  increased,  in  order  to  get  sufficient 
rays  through  for  convenient  measurement.  The  proportion  of  the 
ionization  due  to  the  /9  rays  was  quite  considerable  and  had  to  be 
deducted  from  the  total  ionization  to  obtain  the  net  leak  caused  by 
the  a  rays. 

The  results  are  expressed  in  Fig.  6,  and  are  of  the  same  char- 
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acter  as  those  obtained  without  the  tubes.  The  position  of  the  max- 
imum, however,  is  much  nearer  to  the  range  of  the  particle  than 
before.  When  the  distance  between  the  radium  and  gauze  is  7  mm. 
the  maximum  occurs  at  5.7  cm.;  when  the  distance  is  12  mm.  the 
position  is  at  6.5  cm.,  while  at  the  distance  of  20  mm.  it  is  at  6.9 
cm.  Beyond  a  distance  of  20  mm.  the  position  remains  practically 
constant,  the  mean  of  several  pTositions  being  7.0  cm.,  which  is 
about  the  same  as  the  range  of  the  X  particle  from  RaC  as  obtained 
by  the  method  of  Bragg.  Even  with  this  arrangement  of  tubes 
when  the  radium  is  close  to  the  gauze  the  difference  between  the 
position  of  maximum  current  and  the  range  of  the  particle  is  very 
considerable. 

From  these  experiments  with  the  gauze  electrode  we  can  conclude 
tbat  the  distance  between  two  parallel  plates  for  maximum  current 
only  becomes  equal  to  the  range  of  the  particle  when  all  the  rays 
are  normal  to  the  radio-active  surface. 

Experiments  with  Uranium  Oxide. 

In  order  to  test  whether  the  ratio  between  the  positions  of  the 
maximum  current  for  two  different  types  of  radiation  is  the  same  as 
the  ratio  of  their  range,  a  number  of  experiments  were  carried  out 
with  uranium. 

The  uranium  was  finely  powdered  and  then  dusted  over  a  plate 
covered  with  a  thin  coating  of  shellac.  When  dry  the  surplus 
uranium  was  tapped  off  leaving  a  comparatively  thin  and  durable 
layer.  This  was  placed  between  the  plates  B  and  C  of  the  testing 
vessel,  and  readings  made  in  the  same  manner  as  for  the  radium. 

In  Fig.  7  are  shown  a  number  of  the  curves  obtained  for  uranium 
oxide. 

Curves  A  and  5  were  obtained  from  thin  layers  of  about  25  sq. 
cm.  area.  The  shapes  of  these  curves  are  about  the  same  as  for  those 
of  radium,  except  that  they  are  somewhat  straighter  and  the  position 
of  maximum  current  is  defined  more  abruptly.  This  position  occurs 
in  curve  A  at  1.9  cm.,  and  in  B  at  1.8  cm.  The  mean  position 
from  a  number  of  curves  is  about  1.9  cm. 

If  we  substitute  this  value  of  d^  in  the  equation, 

Rd^             ,     .        r,       706  X  1.9 
R^  =  -^,     we  obtain     R^  = ;"6"^  =  37  cm. 
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The  value  obtained  by  Bragg,  making  use  of  the  stopping  power 
of  aluminum  for  the  a  rays,  was  in  the  neighborhood  of  3.5  cm. 
The  agreement  between  the  two  values  is  very  good,  considering 
the  difference  of  the  methods  used.  It  also  shows  that  the  range 
of  the  a  particle  from  uranium  is  very  close  to  that  of  radium,  if 
indeed  not  the  same. 

Curve  C  was  obtained  from  a  layer  about  i  mm.  in  thickness, 
and  it  is  of  a  slightly  different  shape,  being  rounder,  and  not  having 
its  maximum  position  so  well  defined. 

In  this  case  the  ranges  of  the  particle  vary  all  the  way  from  zero 
to  the  maximum,  which  will  account  for  the  shape  of  the  curve. 

In  curve  D  are  plotted  the  values  taken  from  Rutherford's  results 
on  uranium  oxide.^     Unfortunately  he  does  not  give  any  readings 
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Fig.  7. 

beyond  1.5  cm.,  so  one  does  not  know  the  ultimate  maximum  of 
the  curve,  though  from  the  shape  of  the  portion   here  given,  one 
can  see  that  it  is  rapidly  approaching  a  maximum  not  much  different' 
from  that  of  the  author's  curves. 

These  results  for  uranium  would  seem   to  show  that  the  causes 
which  make  the  position  of  maximum  current  between  two  plates 

1  Radioactivity,  page  60. 
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different  from  the  range  of  the  a  particle  from  the  surface  layer, 
are  the  same  for  uranium  as  for  radium  in  radio-active  equilibrium. 
Curves  D  and  E  in  Fig.  4  represent  some  readings  for  uranium 
oxide  at  diflferent  voltages.  At  155  volts  the  curve  drops  a  little 
from  3  cm.  onward,  but  at  5  50  volts  there  is  scarcely  any  drop. 

Experiments  with  Thorium  Oxide. 

A  few  experiments  of  the  same  nature  were  made  with  thorium 
oxide  in  radio-active  equilibrium.  The  layers  were  prepared  in  the 
same  manner  as  for  uranium,  and  were  of  about  the  same  area  and 
thickness. 

The  results  for  two  experiments  are  shown  in  curves  A  and  B^ 
Fig.  8.     They  are  of  the  same  general  shape  as  those  obtained  for 
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radium  and  uranium,  and  both  rise  to  a  maximum  at  2.9  cm.     We 

therefore  have  for  the  range  of  the  particle  of  greatest  velocity  from 

the  surface  layers, 

7.06  X  2.9 


i?.= 


3.6 


5.7  cm. 


The   particle  of  greatest   velocity  from   thorium  in  radio-active 
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equilibrium  is  that  of  ThX  which  has  according  to  the  method  of 

Bragg  a  range  of  5.7  cm.     ThC  has  a  range  of  8.6  cm.,  but  would 

be  in  such  small  quantities  in  the  present  experiments  that  its  effect 

would  not  be  appreciable.     In  some  of  the  experiments  the  thorium 

oxide  was  placed   below   the  gauze  as  in   the  experiments   with 

radium.     The  results  obtained  were  of  the  same  nature  as  those  for 

radium ;  a  gradual  increase  of  the  position  of  maximum  current  as 

the  thorium  oxide  was  moved  away  from  the  gauze.     At  a  distance 

between  the  gauze  and  the  radio-active  layer  of  8  mm.  the  position 

of  maximum  current  had  increased  to  3.4  cm.     The  corresponding 

position  for  the  radium  layer  was  about  4.3  cm.     Therefore  we 

obtain 

706  X  3-4      ^  ^  ^^ 
R^  = — =  5.6  cm. 

Decrease  of  Maximum  Position  of  Ionization  with 
Absorbing  Layers. 

As  stated  in  the  introduction  to  this  paper  the  range  of  the  a 
particle  is  decreased  as  layers  of  absorbing  material  are  placed  over 
the  radioactive  surface.  If  there  is  a  definite  connection  between 
the  position  of  maximum  current  and  the  range,  then  this  position 
should  also  decrease  with  the  addition  of  absorbing  layers  propor- 
tionally to  the  decrease  in  the  range. 

In  order  to  test  this  a  number  of  tests  were  made  with  the  radio- 
active layer  covered  with  various  thicknesses  of  absorbing  material. 
The  materials  used  were  aluminium  leaf,  tin-foil  and  tissue  paper. 

The  results  for  aluminium  leaf  placed  over  a  radium  film  are 
shown  in  the  curves  of  Fig.  9.  The  curves  for  the  different  thick- 
nesses all  have  the  same  shape,  but  rise  to  a  maximum,  which 
decreases  with  increasing  number  of  layers.  The  fact  that  the  shape 
of  the  curves  is  the  same  shows  that  all  the  particles,  no  matter 
what  their  velocities  are,  have  their  range  cut  down  by  the  same 
amount,  which  is  in  good  agreement  with  the  results  of  Bragg. 

The  decrease  in  the  position  of  maximum  current  is  approximately 
proportional  to  the  thickness  of  the  absorbing  layer,  being  at  8 
layers  equal  to  6  mm.  and  at  16  layers  to  10.5  mm.  The  layers  of 
aluminium  leaf  were  not  very  uniform  in  thickness  which  will 
account  for  most  of  the  irregularities  in  the  results. 


Digitized  by 


Google 


No.  4.] 


RANGE  AND  IONIZATION  OF  a  PARTICLE, 


313 


The  curve  A  represents  the  variation  of  the  total  ionization  with 
the  thickness  of  absorbing  layer.  This  is  approximately  exponential 
and  agrees  with  the  well-known  fact  that  the  intensity  of  ionization 
for  radium  in  radio-active  equilibrium  falls  off  exponentially  with  the 
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Fig.  9. 

thickness  of  absorbing  material.  The  lower  horizontal  scale  repre- 
sents the  thickness  of  the  leaf  in  cms. 

In  Fig.  10  is  shown  a  similar  set  of  curves  for  the  radium 
layer  of  small  area.  The  results  are  the  same  as  in  the  case  of  the 
radium  film,  the  decrease  in  position  of  the  maximum  being  10.5 
mm.  for  16  layers  of  aluminium.  The  decrease  of  the  total  ioniza- 
tion in  this  case  is  also  approximately  exponential,  but  consider- 
ably greater  than  for  the  film.  The  reason  for  this  is  probably 
that  in  the  layer  the  proportion  of  particles  of  short  range  is  greater 
than  for  the  film. 

In  this  figure  is  also  shown  a  curve  for  one  layer  of  tin  foil,  the 
decrease  being  12.5  mm.  In  curves  B  and  C,  Fig.  3,  are  repre- 
sented the  readings  for  an  absorbing  layer  of  tissue  paper. 

Some  results  for  thorium  oxide  are  shown  in  Fig.  8,  B*  that  for 
four  layers  of  aluminium,  B*'  that  for  one  layer  of  tin  foil,  and  A' 
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that  for  one  sheet  of  tissue  paper.  The  decrease  in  the  case  of  tin 
foil  is  13.5  mm.,  about  the  same  as  for  radium,  which  shows  that 
the  decrease  of  range  of  the  a  particle  is  the  same  for  thorium 
and  radium,  that  is,  independent  of  the  velocity  of  projection. 

For  the  uranium  oxide  layer  the  curves  for  2,  4  and  8  layers  of 
aluminium  are  shown  in  Fig.  7.  The  decrease  of  position  of  maxi- 
mum current  is  about  4.5  mm.  for  the  8  layers  of  aluminium.  The 
curve  E  showing  the  relation  between  current  and  thickness  of 
layer  is  for  the  uranium  almost  exactly  exponential,  the  total  ioni- 
zation being  cut  down  to  half  value  by  a  layer,  .00022  cm.  thick. 
If  dj  represents  the  position  of  maximum  current,  for  any  thick- 
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Fig.    10. 


ness  of  absorbing  layer,  then  the  range  of  the  particle  after  going 
through  this  layer  should  be  given  by 


ie/= 


R,dJ, 


and  the  loss  of  range  by 

^-^' -d    ■ 

For  example  in  the  case  of  the  radium  film,  for  16  layers  of  alu- 
minium, d^  =  3.6,  d^  =  2.55,  ^/  =  3.6,  and  R  =  7.06,  therefore, 


3.6 


cm. 
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From  these  losses  of  range  the  stopping  power  of  the  absorbing 

material  can  be  calculated.     This  has  been  done  and  the  results  are 

expressed  in  Table  III. 

Table  III. 

Radium  Film  with  Aluminium  as  Absorber, 


No.  of  Layers. 

ThickneM 
X  Dcntlty. 

Decrease 
of  Range. 

— 1 

Effective 
Stopping  Power. 

Atomic 
Stopping  Power. 

4 

8 

12 

16 

.000848 
.001696 
.002544 
.003392 

0.6  cm. 
1.2    *' 
1.6    " 
2.1    " 

1.21^ 
1.22 
1.37 
1.39^ 

1.30 

1.41 

Radium  Layer  with  Aluminium, 


8 

.001696 

1.0  cm. 

16 

.003392 

2.2    " 

32 

.006784 

4.3    " 

1.30 


Tinfoil  as  Absorber, 


.000790 


2.6  cm. 


2.60 


3.16 


Paper  as  Absorber, 


.00180 
.00360 


1.8  cm. 
3.2    " 


L16 


'•'nil 

1.03  ;^- 


.09 


0.77  (carbon) 


Uranium  Oxide,  Aluminium  as  Absorber, 


Thorium,  Paper  as  Absorber, 


.00180 


1.7  cm. 


1.09 


0.77  (carbon) 


Aluminium  as  Absorber. 


.000848 


0.6  cm. 


1.21 


1.52 


Tinfoil  as  Absorber, 


.000790 


2.6  cm. 


2.60 


3.16 


As  seen  from  the  table  the  values  of  the  stopping  power  of  alu- 
minium for  RaC,  thorium,  and  uranium,  are  about  the  same.  The 
mean  value  of  the  effective  .stopping  power  for  aluminium  is  1.33 
and  of  the  atomic  stopping  power  1.40.     The  corresponding  values 
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as  obtained  by  Bragg  are  1.23  and  1.53.  The  agreement  of  the 
values  obtained  by  these  two  different  methods  is  thus  quite  good. 
The  mean  value  of  the  atomic  stopping  power  for  tin  foil  is  3.16, 
which  agrees  very  well  with  Bragg's  value  of  3.42. 

The  effective  stopping  power  of  tissue  paper  is  about  82  per  cent, 
of  that  of  aluminium.  The  effective  stopping  power  of  carbon  as 
calculated  from  the  atomic  square  root  law  of  Bragg  would  be  about 
1.20,  which  is  close  to  that  for  paper. 

Since  the  stopping  power  of  a  substance  is  the  same  for  the  a 
particles  of  uranium  and  radium,  it  follows  that  the  a  particle  of 
uranium  is  of  the  same  nature  as  that  of  radium  C,  differing  only 
in  velocity.  If  we  were  to  reduce  the  velocity  of  the  RaC  particle 
by  an  absorbing  layer  until  the  range  was  equal  to  that  of  uranium, 
then  the  two  particles  should  be  the  same  in  ionizing  power. 

Bragg  has  deduced  a  theoretical  formula  for  the  relation  of  the 
current,  between  two  parallel  plates  caused  by  a  thick  layer  of  radio- 
active material  on  the  lower  plate,  to  the  loss  in  range  due  to  an 
absorbing  layer,  which  is  as  follows  : 

'■ = '^^  { (^  -  ^x^  -  3^)  + '^^°g J  }• 

Here  R  is  the  range  of  the  particle  from  the  surface  layer,  D  the 
decrease  in  R,  normal  to  the  surface,  N,  /',  n^,  and  s  constants  for 
the  particular  radiation  concerned.  When  the  radio-active  material 
is  uncovered,  D  =  o,  and  we  have  for  the  maximum  current 


I^AR^,     where     A=' 


Ss 


^  {(/?-/?)(/? -3^) +  2/^  log  J}. 


Curves  can  be  plotted  showing   the  relation   between   i//  and 

n/R, 

From  this  curve  as  given  by  Bragg.^  and  from  the  values  of  the 
total  ionization  as  obtained  in  the  present  paper  for  the  uranium 
oxide,  I  have  calculated  the  product  of  density  and  thickness  of  the 
absorbing  layer  through  which  the  rays  can  just  penetrate.  These 
values  are  shown  in  Table  IV. 

*  Loc.  cit. 
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prfXW. 

f 

1 
T 

From  Theoretical 
Curve. 

pd  of  Full  Range 
Xio». 

0 

87 

1.00 

424 

51.6 

.59 

.13 

326 

848 

30.5 

.35 

.24 

353 

1696 

8.0 

.09 

.52 

326 
Mean  335 

The  value  obtained  by  Bragg  for  uranium  was  .00456,  which  is 
considerably  larger  than  that  in  the  last  column  of  Table  IV., 
though  the  agreement  of  the  three  values  in  the  last  column  indi- 
cates the  correctness  of  the  theoretical  formula. 

Excited  Activity  of  the  Atmosphere. 

A  large  number  of  tests  were  made  on  the  excited  activity  of  the 
atmosphere  collected  on  different  days  and  under  different  weather 
conditions.  The  activity  was  collected  on  a  negatively  charged 
wire  and  also  on  an  uncharged  one.  As  I  have  shown,  in  the 
paper  referred  to  above,  an  uncharged  wire  suspended  in  the  at- 
mosphere at  Cincinnati  has  deposited  on  it  a  large  quantity  of  soot 
which  is  quite  radio-active.  The  rates  of  decay  of  the  activity  on 
an  uncharged  wire  is  the  same  as  that  on  a  charged  one. 

The  activity  was  rubbed  off  on  to  a  piece  of  thin  linen,  and  placed 
between  the  plates  of  the  testing  vessel.  Readings  of  the  current 
were  taken  for  various  distances  between  the  plates,  note  being 
taken  of  the  time  of  each  observation.  At  regular  intervals  of  time 
the  plates  were  moved  apart  the  same  distance,  generally  3.3  cm., 
and  readings  of  the  ionization  taken.  From  these  readings  the 
rate  of  decay  curve  of  the  activity  could  be  drawn.  Then,  know- 
ing the  time  at  which  any  other  reading  was  made,  from  this  decay 
curve  the  current  could  be  corrected  for  the  decay  of  the  activity. 

The  null  reading  instrument  used  by  the  author  was  found  very 
convenient  for  determining  the  decay  of  the  activity,  since  with  it 
the  activity  can  be  ascertained  at  the  exact  instant  of  time  consid- 
ered. In  practice  the  ionization  of  the  standard  was  made  a  little 
less  than  that  of  the  excited  activity,  and  then  as  the  activity  grad- 
ually decayed  the  exact  instant  at  which  the  two  balanced  could  be 
read  off  on  the  top  watch. 
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It  is  naturally  much  more  difficult  to  decide  on  the  position  of 
maximum  current  in  the  case  of  a  decaying  activity,  as  the  read- 
ings are  more  irregular  and  cannot  be  repeated  like  those  for  a 
steady  activity.  Still  I  think  the  position  can  be  ascertained  to 
within  two  or  three  mms.  at  least. 

In  Fig.  1 1  are  represented  a  characteristic  set  of  curves  for  the 
excited  activity  of  the  atmosphere.  Curves  4  5  and  6  are  for  an 
uncharged  wire,  while  i ,  2  and  3  are  for  a  negatively  charged  one. 


0  iO  ZjO  SO  4^ 

D/STANCe  S£TW££A/ PLATES 

Fig.  11. 

Fig.  1 2  represents  the  decay  curves  for  the  above  set,  the  num- 
bers of  the  curves  corresponding.  An  examination  of  these  decay 
curves  shows  that  they  are  very  irregular,  the  period  (time  taken  to 
fall  to  half  value)  varying  from  29  minutes  for  curve  4,  to  43  min- 
utes for  curve  2.  Curves  4  and  6  are  almost  exponential  with  a 
period  of  29  minutes  and  undoubtedly  consist  of  a  very  large  pro- 
portion of  RaC.  Curve  i  contains  probably  also  RaC,  while  the 
others  are  probably  mixtures  of  RaB  and  RaC.  Very  little  thorium 
activity  is  present  in  any  of  these  curves. 

The  curves  in  Fig.  1 1  are  somewhat  similar  in  shape  to  those 
obtained   for   radium   in  radio-active   equilibrium,  but   are    much 
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straighter  in  the  first  part.  The  radium  curves  rise  to  half  value 
for  a  distance  between  the  plates  of  about  8  mm.,  while  those  for 
the  excited  activity  of  the  atmosphere  do  not  rise  to  half  value  until 
a  distance^  of  12  to  14  mm.  has  been  reached.  This  shows  that  the 
excited  activity  contains  a  much  greater  proportion  of  rays  of  long 
range  than  does  the  radium. 

The  position  of  maximum  current  for  the  activity  from  a  charged 
wire  varies  from  3.6  to  3.9  cm.  A  large  number  of  tests  give  a 
mean  of  about  3.8  cm.  The  position  for  that  from  the  uncharged 
wire  varies  from  3.3  to  3.5  cm.  with  a  mean  about  3.4  cm.  There 
thus  seems  to  be  a  small  difference  between  the  positions  for  the 
two  cases.  This  may  be  due  to  the  fact  that  the  activity  from  the 
uncharged  wire  is  much  less  in  general  than  that  of  the  charged  wire, 
and  consequently  it  is  more  difficult  to  determine  the  position  of  maxi- 


0        /O      20     10     40     so     yo     fO     80     <fO     lOO    110 

Fig.  12. 

mum  ionization.    The  ordinates  for  curves  4,  5  and  6  are  multiplied 
by  4. 

Curve  7,  Fig.  11,  was  obtained  from  the  excited  activity  due  to 
radium.  A  small  metal  plate  was  suspended  inside  a  vessel  containing 
radium  emanation,  and  charged  to  a  negative  potential  for  three  hours. 
It  was  then  allowed  to  remain  for  another  hour  in  the  testing  vessel 
before  readings  were  taken,  this  ensuring  that  the  activity  then  re- 
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maining  was  practically  all  RaC.  The  decay  curve  of  it  was  how- 
ever taken  along  with  the  other  readings  and  corrections  made  for 
the  decay  of  the  activity  in  the  same  manner  as  described  for  the 
excited  activity  of  the  atmosphere.  The  decay  curve  was  practi- 
cally exponential  with  a  period  of  about  28  minutes. 

As  can  be  seen  from  the  figure  the  curve  is  almost  identical  with 
those  for  the  excited  activity  of  the  atmosphere^  having  its  maximum 
at  3.8  cm. 

The  position  of  maximum  current  for  the  excited  activity  of  the 
atmosphere  is  thus  the  same  as  that  of  RaC,  and  therefore  we  can 
assume  that  their  ranges  are  the  same. 

It  seems  definitely  proven  then,  that  the  excited  activity  of  the 
atmosphere  always  contain  a  product,  existing  often  in  large  pro- 
portions, which  is  identical  with  radium  C,  having  the  same  range, 
and  same  rate  of  decay. 

Curve  3,  Uy  Fig.  11,  represents  a  set  of  readings  taken  with  the 
material  of  curve  3  covered  with  one  sheet  of  tissue  paper.  The 
decrease  of  total  ionization  in  this  case  is  about  34  per  cent,  and  the 
loss  of  range  1.6  cm.  The  stopping  power  of  the  paper  as  calcu- 
lated from  this  loss  of  range  is  1.03,  which  is  about  the  same  as 
that  obtained  for  the  RaC. 

A  large  number  of  tests  of  the  penetrating  power  of  the  excited 
activity  of  the  atmosphere,  made  during  the  last  two  winters,  shows 
that  it  never  varies  much,  except  when  there  is  large  proportion  of 
thorium  excited  present,  when  it  seems  to  decrease  a  little.  A  test  of 
the  penetrating  power  made  on  the  excited  activity  of  radium  shows 
it  to  be  the  same  as  that  of  the  atmosphere,  the  activity  being  re- 
duced to  about  65  per  cent,  by  one  sheet  of  tissue  paper. 

Conclusions. 

1.  The  distance  between  two  parallel  plates  for  maximum  current, 
due  to  the  ionization  caused  by  a  uniform  layer  of  radio-active  ma- 
terial on  the  lower  plate,  bears  a  definite  relation  to  the  maximum 
range  of  the  a  particle  from  the  surface  of  that  substance. 

2.  When  the  rays  are  allowed  to  emerge  in  all  directions  to  the 
normal,  this  maximum  position  is  much  less  than  the  range  of  the 
particle,  being,  roughly,  one  half. 
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3.  When  the  oblique  rays  are  cut  off  in  any  manner,  the  position 
of  maximum  current  increases  with  the  value  of  the  range,  and  for 
normal  projection  is  equal  to  it. 

4.  There  seems  to  be,  even  after  apparent  saturation  is  reached, 
a  further  decrease  of  current  with  increasing  distance  between  the 
plates,  the  reason  for  which  does  not  appear  quite  evident  to  me. 

5.  If  maximum  positions  of  current  for  two  radio-active  substances 
are  observed,  and  the  range  of  one  is  known,  then  the  range  of  the 
other  can  be  calculated  from  the  ratio  of  the  maximum  positions. 

6.  If  layers  of  absorbing  material  are  placed  over  the  radio-active 
material,  the  position  of  maximum  current  decreases  proportionally 
to  the  decrease  of  the  range,  and  from  this  decrease  the  stopping 
power  may  be  calculated,  with  results  agreeing  very  well  with  those 
of  Bragg. 

7.  The  maximum  range  of  the  a  particle  from  the  excited  activity 
of  the  atmosphere  is  the  same  as  that  of  RaC,  which  points  to  the 
conclusion  that  a  great  part  of  the  excited  activity  of  the  atmosphere 
is  always  RaC,  being  often  mixed  with  a  portion  of  thorium  excited 
and  the  other  products  of  radium. 

8.  The  method  described  in  this  paper  is  especially  adapted  to 

radio-active  substances  of  low  activity,  and  would  seem  useful  for 

those  experiments  in  which  the  observer  wishes  to  find  the  total 

ionization  in  different  gases,  since  the  plates  cannot  be  placed  as  far 

apart  as  the  range  of  the  particle,  thereby  ensuring  better  saturation 

for  the  heavy  complex  gases. 

University  of  Cincinnati, 
April  I,  1908. 
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ON  THE  CONDUCTANCE  AND   FLUIDITY  OF  FUSED 

SALTS. 

By  H.  M.  Goodwin  and  H.  T.  Kalmus. 

Contribution  No.  27  from  the  Research  Laboratory  of  Physical  Chemistry,  Massachu- 
setts Institute  of  Technology.  ^ 

IN  two  recent  articles  the  authors  have  independently  published 
results  of  investigations  on  the  variation  of  the  conductivity 
and  viscosity  of  fused  salts  over  considerable  ranges  of  temperature. 
In  the  first  of  these  articles  by  Lorenz  and  Kalmus,  Zeit.  Phys. 
Chem.,  5p,  17,  1907,  and  5p,  244,  1907,  the  relation  between  the 
specific  properties  of  the  salts  were  particularly  considered ;  in  the 
second,  by  Goodwin  and  Mailey,  Phys.  Rev.,  25,  469,  1907,  and 
26 ^  28,  1908,  not  only  the  specific  but  also  the  equivalent  proper- 
ties of  the  salts  were  determined  and  discussed. 

Both^investigations  included  results  on  the  specific  conductance 
and  viscosity  of  fused  sodium  and  potassium  nitrate ;  these  were 
found  to  be  in  excellent  agreement  and  led  the  authors  to  the  same 
conclusion,  namely,  that  the  reciprocal  proportionality  announced 
by  Foussereau  *  between  the  specific  conductance  of  a  fused  salt  arid 
its  viscosity  over  wide  ranges  of  temperature  does  not  hold  true. 

The  data  obtained  by  Goodwin  and  Mailey  show,  however,  that 
if,  instead  of  the  specific,  the  equivalent  properties  of  the  salts  be 
compared,  in  a  number  of  cases  proportionality  well  within  the 
experimental  error  holds  between  the  equivalent  conductance  A 
and  the  equivalent  fluidity /over  a  hundred  degrees  or  more  of  tem- 
perature ;  in  other  words,  the  increase  in  the  equivalent  conductance 
of  a  fused  salt  with  the  temperature  may  be  completely  accounted 
for  by  an  increase  in  the  mobility  of  its  ions  if  the  latter  quantity  be 
assumed  proportional  to  the  fluidity  of  the  medium  through  which 

^  This  research  was  carried  out  under  a  grant  from  the  Wm.  £.  Hale  Research  Fund, 
to  the  trustees  of  which  grateful  acknowledgment  of  the  aid  furnished  by  them  is  hereby 
made. 

«  Ann.  d.  Chim.  et  de  Phys.,  5,  359,  1885. 
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the  ions  move.  In  the  case  of  other  salts  a  slight  decrease  in  the  ratio 
Alfw3iS  found  as  the  temperature  increased,  indicating  a  possible 
decrease  of  dissociation  of  the  salt  with  rising  temperature.  These 
results  are  best  explained  on  the  assumption  of  a  high  degree  of 
ionization  of  the  fused  salt. 

We  have  now  determined  the  densities  of  the  salts  previously 
investigated  by  Lorenz  and  Kalmus  in  order  that  their  data  on 
specific  conductance  and  viscosity  may  be  made  available  for  cal- 
culating the  corresponding  values  of  the  equivalent  conductance 
and  equivalent  fluidity.  This  is  of  particular  interest  in  view  of  the 
above-mentioned  proportionality  found  in  the  case  of  the  nitrates, 
as  the  new  salts  include  lead  chloride,  and  bromide  (salts  of  a 
bivalent  metal)  and  the  still  more  complex  salt  potassium  bichro- 
mate. A  discussion  of  these  results  forms  the  subject  of  the  present 
paper. 

The  densities  were  determined  by  the  same  method  and  apparatus 
as  previously  used  and  described  by  Goodwin  and  Mailey,^  i,  e,,  by 
finding  the  loss  of  weight  of  a  platinum  ball  when  suspended  in  the 
fused  salt.  For  details  of  furnace,  thermo-electric  measurement  of 
temperature,  etc.,  see  reference  cited. 

The  results  of  the  density  measurements  on  each  salt  are  given 
below,  Tables  I.,  II.  and  III.,  together  with  the  equation  of  the 
line  best  representing  them.  From  this  line,  values  of  the  density  ' 
have  been  interpolated  for  ten-degree  intervals  and  the  correspond- 
ing specific  and  molecular  volumes  calculated.  Tables  la,  Ila,  Ilia. 
From  these  values  together  with  those  referred  to  above  on  specific 
conductance  and  viscosity,  values  of  the  equivalent  conductance, 
X  =  specific  conductance  x  equivalent  volume,  and  of  the  equiva- 
lent fluidity,  /=  Fluidity/Equivalent  volume,  have  been  computed. 

These,  together  with  their  ratio  Alf^  are  given  in  tables,  IV.,  V. 
and  VI. 

>Phys.  Rev.,  2^^  478,  1907. 
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Table  I. 

Density  of  PbC!^  Referred  to  H^O  at  4®  C, 


Temperature. 

Density  Obeenred. 

Density  Computed. 

Difference. 

52S« 

4.972 

4.973 

0.001 

551 

4.931 

4.933 

0.002 

565 

4.911 

4.911 

0.000 

593 

4.869 

4.865 

0.004 

615 

4.836 

4.837 

0.001 

Dt  =  4.934  [1  —  0.000304  (t  -  550)]. 


Table  Ia. 

specific  and  Molecular  Volumes  of  PbCl^ 


Temperature. 

Density  Observed 
from  Plot  D. 

Specific  Volume 

Molecular  Volume 

498  M.P. 

5.013 

0.1995 

55.42 

500 

5.010 

0.1996 

55.45 

510 

4.995 

0.2002 

55.60 

520 

4.980 

0.2008 

55.79 

530 

4.964 

0.2014 

55.95 

540 

4.949 

0.2020 

56.11 

550 

4.934 

0.2026 

56.28 

560 

4.918 

0.2034 

56.50 

570 

4.904 

0.2039 

56.65 

580 

4.890 

0.2045 

56.81 

590 

4.874 

0.2051 

56.98 

600 

4.859 

0.2058 

57.19 

610 

4.844 

0.2064 

57.35 

Table  il. 

Density  of  PbBr^  Referred  to  H^  O  at  4°C 


Temperature. 

Density  Observed. 

Density  Computed. 

Difference. 

373 

5.820 

5.821 

0.001 

398 

5.779 

5.780 

0.001 

420 

5.738 

5.738 

0.000 

488 

5.609 

5.610 

0.001 

A  =  5.680  [1  —  0.000333  (/  — 540)]. 
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Table  IIa. 

Sptcific  and  Molecular  Volumes  of  PbBr^. 


Temperature. 

Density  Observed 
from  Plot  />. 

Specific  Volume 
S^  I  ID, 

Molecular  Volume 

372  M.P. 

5.832 

0.1715 

62.9 

380 

5.816 

0.1719 

63.0 

390 

5.796 

0.1725 

63.2 

400 

5.777 

0.1729 

63.4 

410 

5.758 

0.1739 

63.6 

420 

5.738 

0.1742 

63.8 

430 

5.729 

0.1747 

64.1 

440 

5.700 

0.1753 

64.4 

450 

5.681 

0.1758 

64.6 

460 

5.661 

0.1764 

64.8 

470 

5.644 

0.1769 

64.9 

480 

5.624 

0.1775 

65.1 

490 

5.604 

0.1781 

65.2 

Table  III. 

Density  of  K^Cr^O^  Referred  to  H^O  at  4®. 


Temperature. 

Density  Obsenred. 

Density  Computed. 

Difference. 

411 
433 
477 
510 

2.289 
2.274 
2.246 
2.216 

2.291 
2.274 
2.248 
2.218 

0.002 
0.000 
0.002 
0.002 

A  =  2.262  [1  —  0.000327  (/  — 450)]. 
Table  IIIa. 

Specific  and  Molecular  Volumes  of  K^Cr^Oy 


Temperature. 

Density  Observed 
from  Plot  D. 

Specific  Volume 
5=  \\D. 

Molecular  Volume 

397  M.P. 

2.302 

0.4345 

127.9 

400 

2.300 

0.4348 

128.0 

410 

2.293 

0.4362 

128.4 

420 

2.285 

0.4378 

128^ 

430 

2.277 

0.4394 

129.4 

440 

2.269 

0.4411 

129.8 

450 

2.262 

0.4422 

130.2 

460 

2.255 

0.4436 

130.5 

470 

2.247 

0.4453 

130.8 

480 

2.240 

0.4464 

13L3 

490 

2.233 

0.4479 

13L6 

500 

2.225 

0.4496 

132.3 

510 

2.218 

0.4512 

132.9 

520 

2.210 

0.4525 

133.2 
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Table  IV. 

Lead  Chloride,     Equivalent  Conductance  cuid  Fluidiiy, 


Temperatur*. 

X 

f 

A// 

500 

39.24 

0.6650 

58.5 

510 

41.40 

0.7224 

57.5 

520 

43.34 

0.7960 

54.5 

530 

44.98 

0.8422 

53.3 

540 

46.39 

0.8970 

52.0 

550 

47.87 

0.9484 

50.5 

560 

49.36 

0.9958 

49.5 

570 

50.08 

1.041 

.    48.0 

580 

52.10 

1.084 

46.5 

590 

53.45 

1.117 

45.0 

600 

54.70 

1.152 

44.0 

610 

55.85 

1.187 

42.5 

Table  V. 

Lead  Bromide.     Equivalent  Conductance  and  Fluidity, 


Temperature. 

X 

/ 

A// 

380 

18.88 

0.3574 

52.0 

390 

20.31 

0.3850 

52.0 

400 

2L56 

0.4112 

52.0 

410 

22.69 

0.4370 

SLO 

420 

23.86 

0.4742 

50.0 

430 

25.09 

0.5000 

49.8 

440 

26.28 

0.5320 

49.0 

450 

27.46 

0.5693 

48.0 

460 

28.60 

0.6034 

47.0 

470 

29.74 

0.6485 

45.9 

480 

30  84 

0.6913 

44.5 

490 

3L94 

0.7408 

43.2 

Table  VII.  contains  in  abbreviated  form  a  resume  of  the  results 
previously  obtained  on  the  nitrates  and  presented  here  for  com- 
parison. 

Inspection  of  the  values  oi  Ajf  in  Table  VI.  shows  that  the  con- 
stancy of  the  ratio  observed  in  the  case  of  the  nitrates  and  their 
mixtures,  Table  VII.,  obtains  also  approximately  in  the  case  of  the 
much  more  complex  salt  potassium  bichromate.  Over  a  temperature 
interval  from  400°  C.  to  510°  C.  the  average  percentage  variation 
of  the  mean,  119,  is  about  i  per  cent.  The  value  of  the  constant 
is  characteristic  of  the  salt  and  is  approximately  twice  as  great  as 
that  for  the  nitrates.     In  the  case  of  lead  chloride  and  lead  bromide, 
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Table  VI. 

Potassium  Bichromate,     Equivalent  Conductance  and  Fluidity, 


Temperature. 

A 

/ 

A// 

400 

12.99 

0.1188 

109 

410 

14.47 

0.1258 

115 

420 

15.70 

0.1328 

118 

430 

16.92 

0.1407 

120 

440 

18.19 

0.1514 

120 

450 

19.41 

0.1567 

124 

460 

20.66 

0.1664 

123 

470 

21.88 

0.1774 

124 

480 

22.45 

0.1892 

121 

490 

24.41 

0.2022 

121 

500 

26.19 

0.2158 

119 

510 

27.06 

0.2322 

117 

Table  VII. 


Salt. 

Temperature 
Limite. 

Corresponding 
Value  of  A//: 

Mean  Value. 

Averaffe  Per  Cent. 
Deviation  of  Mean. 

KNO, 

340-500 

52.3-51.4 

51.8 

0.5 

NaNO, 

340-460 

56.1-51.8 

54.1 

2.0 

AgNO, 

230-350 

57.2-54.0 

55.5 

1.6 

5molsKgNO, 
,  5  mols  NaNO, 

340-450 

49.7-49.1 

49.4 

0.6 

r  8  mols  KNO, 
1  2  mols  NaNO,  . 

340-450 

49.8-50.3 

50.1 

0.3 

Tables  V.  and  VI.,  the  ratio  Alf  decreases,  noticeably  with  rising 
temperature.  For  the  former  salt  the  decrease  per  100°  is  about 
25  per  cent,  of  its  value  at  500°.  For  the  latter,  lead  bromide,  the 
decrease  per  100°  is  about  14  per  cent,  of  its  value  at  380°.  This 
decrease  in  the  ratio  is  analogous  to  that  previously  observed  in  the 
case  of  lithium  nitrate  and  to  a  less  degree  in  sodium  and  silver 
nitrate  (Table  VII.).  The  mean  value  of  the  ratio  Alf  for  the  lead 
salts  is  approximately  the  same  as  that  for  the  nitrates. 

It  would  seem  therefore  that  we  are  justified  in  concluding  from 
these  data  that,  within  the  estimated  resultant  experimental  error 
of  the  viscosity,  conductivity,  density  and  temperature  measure- 
ments, equivalent  conductance  and  equivalent  fluidity  are  properties 
which  vary  proportionally  over  wide  ranges  of  temperature  in  the 
case  of  fused  potassium  and  sodium  nitrates  and  their  mixtures, 
silver  nitrate  and  potassium  bichromate.     The  sign  of  deviations  of 
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observations  indicates  moreover  that  the  equivalent  fluidity  tends  to 
increase  more  rapidly  than  the  equivalent  conductance.  This  effect 
is  quite  marked  in  the  case  of  lead  chloride,  lead  bromide  and 
lithium  nitrate,  although  owing  to  the  chemical  properties  of  these 
salts,  the  precision  of  the  results  obtained  with  them  is  considerably 
less  than  that  of  the  results  obtained  with  the  first  mentioned  salts. 

Summary. 

1.  The  density  and  molecular  volume  of  lead  chloride,  lead 
bromide  and  potassium  bichromate  have  been  determined  over  a 
temperature  interval  of  100-150°  in  order  that  the  equivalent  prop- 
erties of  these  salts  might  be  calculated  from  their  known  specific 
properties. 

2.  The  equivalent  conductance  and  equivalent  fluidity  were  com- 
puted from  the  data  of  Lorenz  and  Kalmus  and  their  ratio  compared 
with  similar  data  recently  published  by  Goodwin  and  Mailey.  The 
ratio  Alf  was  found  to  be  nearly  constant  over  a  temperature  interval 
of  110°  for  potassium  bichromate ;  for  lead  chloride  and  lead  bro- 
mide it  decreased  with  rising  temperature. 

3.  From  the  above  results  and  those  previously  obtained  on  the 
alkali  and  silver  nitrates  it  appears  that  the  ratio  Ajf  for  a  given  salt 
over  a  temperature  interval  of  from  100-150®  above  its  melting 
point  is  either  constant  or  decreases  with  increasing  temperature. 
The  increase  vet  conductivity  of  these  salts  with  rising  temperature 
may  be  fully  accounted  for  by  the  increase  in  their  fluidity.  For 
those  salts  for  which  the  equivalent  fluidity  increases  more  rapidly 
than  the  equivalent  conductance  it  seems  probable,  as  already 
pointed  out,  that  the  number  of  carriers  decreases  with  rising  tem- 
perature as  in  the  case  of  other  highly  dissociated  salts  in  water  at 
high  temperatures. 

4.  While  the  data  do  not  afford  a  means  of  quantitatively  deter- 
mining the  degree  of  dissociation  of  fused  salts  they  do  indicate  a 
high  rather  than  a  low  degree  of  ionization.  It  seems  probable  that 
a  large  number  of  carriers  rather  than  a  great  migration  velocity  ac- 
counts for  the  high  conductivity  of  these  substances.  Other  experi- 
mental evidence  of  a  distinctly  different  character  leading  to  this 
same  conclusion  will  be  published  shortly. 

Massachusetts  Institute  of  Technology, 
May,  1908. 
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NOTE   ON   THE   REPRODUCIBILITY   OF 
CADMIUM    CELLS. 

By  p.  I.  Wold. 

THE  department  of  physics  at  Cornell  University  was  in  need 
of  a  new  supply  of  standards  of  E.M.F.  some  three  years 
ago  and  to  supply  this  need  the  author  undertook  the  matter  of 
constructing  several. 

Seventeen  cadmium  or  Weston  cells  were  set  up  during  the 
winter  of  1905  and  1906,  in  which  the  specifications  as  given  by 
Carhart  and  Hulett  in  the  Transactions  of  the  American  Electro- 
chemical Society,  Vol.  V.,  1904,  p.  59,  were  followed  pretty  closely. 

The  mercury  used  in  most  of  the  cells  was  triply  distilled  under 
a  pressure  of  1.5  to  2  cm.  of  mercury.  The  Hg^SO^  was  prepared 
electrolytically  in  a  solution  of  H^SO^  (i  to  6  by  volume).  Current 
densities  of  .1  and  .3  ampere  per  square  decimeter  were  used. 
Before  mixing  into  a  paste  the  Hg,SO^  was  washed  with  absolute 
alcohol  and  finally  with  a  saturated  solution  of  CdSO^. 

A  12.5  per  cent,  cadmium  amalgam,  prepared  electrolytically, 
was  used.  The  cadmium  was  c.p.  metal  obtained  from  Eimer  and 
Amend. 

It  has  been  stated  by  some  chemists  that  mercury  purified  chem- 
ically is  as  good  for  all  purposes  as  distilled  mercury.  With  the 
possibility  in  view  that  the  rather  laborious  process  of  distillation 
might  be  avoided  it  was  decided  to  test  this  by  using  chemically 
purified  mercury  in  some  of  the  cells.  The  purification  consisted 
in  running  the  mercury  through  a  small  capillary  tube,  so  as  to 
break  the  mercury  into  very  small  drops,  then  into  a  column  of 
HNO3  ^^^  finally  through  a  cleaner  consisting  of  concentrated 
H^SO^  over  Hg^SO^  placed  in  a  separatory  funnel. 

As  regards  the  use  of  this  chemically  purified  mercury  no  very 
definite  conclusions  can  be  drawn  for  the  cells  made  with  this  vary 
almost  as  much  among  themselves  as  cells  made  by  the  two  differ- 
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ently  prepared  samples  of  mercury.  It  seems,  however,  in  looking 
over  the  values  that  the  cells  made  with  the  chemically  purified 
mercury  had  a  lower  initial  E.M.F.  than  the  cells  made  with  the 
distilled  mercury.  As  time  went  on  the  difference  decreased  but 
the  cells  with  the  chemically  purified  mercury  had  a  value  about  6 
parts  in  ioo,cxx)  lower  when  they  were  6  months  old.  Since  the 
impurities,  if  any,  were  entirely  unknown  no  explanation  can  be 
given  but  the  results  indicate  that,  for  such  accuracy  as  is  now  ex- 
pected from  standard  cells,  reliance  cannot  be  placed  on  the  chem- 
ically purified  mercury. 

It  was  stated  by  Carhart  and  Hulett,  in  their  article  cited  above, 
that  the  cells  should  have  their  final  value  for  E.M.F.  within  a  few 
hours  after  being  set  up.  The  author  found  that  these  cells  started 
with  a  value  from  30  to  40  units  low  and  that  it  took  a  week  for 
them  to  reach  approximately  constant  values.  The  unit  referred  to 
here,  as  elsewhere  in  this  article,  is  1/100,000  of  a  volt 

Most  of  these  cells  have  been  distributed  around  the  laboratory 
here  to  supply  the  needs  in  various  lines  of  work  and  therefore  no 
more  readings  have  been  taken  on  them  for  some  time. 

In  the  year  1906  and  1907  twenty  more  cells  were  set  up  in 
which  entirely  new  materials  were  used.  In  this  case  triply  distilled 
mercury  was  used  in  all  of  the  cells.  The  Hg,SO^  was  again  pre- 
pared electrolytically,  the  current  density  varying  from  .4  to  3 
amperes  per  square  decimeter.  The  electrolyte  was  H,SO^,  I  part 
acid  to  6  parts  water. 

Through  the  kindness  of  Professor  Hulett,  of  Princeton  Univer- 
sity, the  author  received  some  Hg^SO^  prepared  electrolytically  at 
Princeton  and  6  cells  (51  to  56)  were  set  up  using  this  Hg,SO^. 

A  12.5  per  cent,  cadmium  amalgam  was  used,  the  amalgam  for 
some  of  the  cells  being  prepared  electrolytically  and  for  others 
being  prepared  by  melting  the  proper  amounts  of  mercury  and 
cadmium  together  in  a  saturated  solution  of  CdSO^. 

The  CdSO^  used  was  c.p.  obtained  from  Eimer  and  Amend,  and 
before  using  was  dissolved  and  recrystallized.  Considerable  diffi- 
culty was  experienced  in  getting  as  many  clear  crystals  as  were 
desired  and  finally  some  of  the  cells  were  set  up  in  which  cloudy 
crystals  were  used. 
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The  method  of  introducing  the  material  into  the  H-tubes  and  of 
sealing  them  off  hermetically  by  a  small  blast  lamp  was  practically 
the  same  as  has  been  described  in  detail  in  various  papers. 

The  cells  are  numbered  consecutively  from  40  to  59  and  differ 
from  each  other  as  shown  in  the  following  table  in  which  the  data 
after  the  numbers  show  the  peculiarities  of  the  material  used  in  that 
cell. 

The  cells  have  not  been  kept  in  a  constant  temperature  bath  but 
have  been  placed  in  a  bath  of  kerosene.  No  attempt  is  made  to 
keep  the  bath  at  constant  temperature  but  the  measurements  are 
made  in  an  interior  basement  room  in  which  the  maximum  temper- 
ature variation  for  a  week  is  probably  not  over  4  degrees  centigrade 
and  the  changes  which  do  take  place  are  very  slow. 

Hga804  Cadmium  Amali^Ani*  Cd804  Cryitals. 

Prepared  electrolytically  Qear 


'  1  ampere 


Melted 


Electrolytic 

t€ 

Melted 

<< 

Electrolytic 

Cloudy 

Melted 

(< 

(< 

Qear 

ii. 

Cloudy 

The  effect  of  the  size  of  the  CdSO^  crystals  on  the  temperature 
lag  of  the  cells  is  quite  noticeable.  In  the  last  set  of  cell^  from  40 
to  59  inclusive,  the  free  crystals  are  ground  almost  to  a  powder, 
thus  giving  a  large  area  of  contact  with  the  liquid  and  permitting  a 
fairly  rapid  return  to  saturation  of  the  CdSO^  solution,  and  so  to 
equilibrium,  after  a  temperature  change. 

In  the  cells  set  up  the  previous  year  the  free  CdSO^  crystals 
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were,  roughly,  about  2  mm.  in  diameter  and  these  cells  show  a 
very  much  larger  temperature  lag  than  do  the  more  recent  cells. 
So  much  so  in  fact  that,  although  they  may  be  at  the  same  tem- 
perature, the  difference  in  the  lag  or  hysteresis  alone  will  cause  an 
apparent  variation  between  the  two  sets  of  cells  of  4  or  5  hundred- 
thousandths  of  a  volt ;  whereas  each  set,  within  itself,  shows  much 
smaller  variation.  This  variation  between  the  two  sets  will  be  plus 
or  minus  according  as  the  temperature  is  rising  or  falling. 

The  E.M.F.  of  the  cells  was  quite  low  when  they  were  set  up, 
which  seems  to  be  contrary  to  what  others  have  found.  The  aver- 
age E.M.F.  of  all  the  cells,  taken  within  a  few  hours  after  setting 
up  was  about  1.01720  volts  and  they  now  have  an  average  value 
of  about  1. 01 890  volts.  It  is  possible  that  the  exceptionally  low 
values  at  the  beginning  was  due  to  an  accidental  short-circuiting  of 
all  the  cells  which  occurred  right  after  they  were  set  up.  For  a 
time  it  was  feared  that  the  cells  had  been  ruined  entirely  but  they 
gradually  rose  in  value  and  now  agree  very  well  indeed  with  the 
cells  set  up  at  the  Bureau  of  Standards  in  Washington,  D.  C, 
Some  more  recent  work  on  the  short-circuiting  of  cadmium  cells 
would  indicate  that  had  the  low  initial  value  been  due  to  short- 
circuiting  they  should  have  returned  to  normal  value  almost  entirely 
in  a  few  hours  and  entirely  so  in  a  few  days  whereas  it  took  these 
cells  a  full  month  to  do  so.  For  this  reason  there  is  good  cause 
to  doubt  if  these  very  low  initial  values  were  due  entirely  to  the 
accidental  short-circuiting. 

Since  that  time,  as  shown  in  the  appended  table,  the  cells  have 
remained  constant  to  a  surprising  degree  considering  that  no  attempt 
has  been  made  to  keep  them  at  constant  temperature.  Probably  a 
large  part  of  the  small  daily  variations  is  due  to  the  fact  that  the 
individual  cells  differ  slightly  in  temperature  lag. 

These  twenty  cells  were  set  up  in  the  first  week  of  April,  1907. 
Five  of  them,  40,  41,  54,  56  and  58,  have  been  distributed  in  the 
laboratories  for  general  use.  In  June,  1907,  several  of  these  cells 
were  taken  to  the  Bureau  of  Standards  at  Washington  for  compari- 
son with  the  bureau  cells.  They  remained  there  till  the  middle  of 
September  so  that  a  fair  comparison  was  obtained.  One  cell,  57, 
developed  a  material  drop  during  the  summer  and  was  left  with  Dr. 
Wolff,  of  the  bureau,  for  further  observation. 
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Table  I. 

Mean  of  42,  46,  49,  50,  55,  W159  Taken  as  1.01890  Volts, 

Unit  ==1/100,000  VoU. 


Readings  (X—M). 


C«ll. 

May  ax. 
1907. 

June  9, 
1907. 

Sept.  30, 
1907. 

Oct.  xa, 
1907. 

Npv.  4. 
1907. 

^5^^' 

March 
13,  X908. 

March 
83, 1908. 

-  1 

April 
a5,x9D8. 

42 

+  1 

-  1 

-  1 

-  1 

-  1 

-1 

-  1 

-  1 

43 

-11 

-16 

-16 

-16 

-16 

-16 

-15 

-IS 

-IS 

44 

-9 

-14 

-15 

-15 

-IS 

-15 

-14 

-15 

-15 

45 

-  3 

-  2 

0 

0 

0 

-  1 

-  1 

-  1 

-  1 

46 

-  2 

-  1 

0 

0 

0 

0 

+  1 

+   1 

47 

-  6 

-  9 

-14 

-14 

-14 

-14 

-14 

-14 

-13 

48 

-  6 

-  7 

-2 

-  2 

-  1 

-  2 

-  2 

-  2 

-  1 

49 

+  1 

-2 

-  2 

-  2 

-  2 

-  2 

-  1 

-  1 

-  1 

50 

+  1 

0 

+  2 

+  2 

+  2 

+  2 

+  2 

+  2 

+  2 

51 

-  4 

-6 

-  6 

-6 

-  6 

-  6 

-  6 

-  6 

-  6 

52 

0 

-  1 

-  3 

-  3 

-3 

-  3 

-3 

-  3 

-3 

53 

-  1 

-  3 

-  4 

-  4 

-  4 

-  4 

-4 

-  4 

-  4 

55 

-2 

-3 

+  3 

+  3 

+  3 

+  3 

+  3 

+  3 

+  3 

59 

+  2 

-  1 

-  1 

-  1 

-  1 

-  1 

-  1 

-  1 

0 

W159 

-2 

-  2 

-  2 

-  2 

-  3 

-  3 

-  3 

P13 

-  2 

-  2 

-3 

-  4 

Temp. 

19.20 

23.0^ 

22.5«» 

23.0*» 

22.0«> 

23.  l'^ 

22.40 

20.80 

The  table  gives  the  values  of  the  E.M.F.  of  the  remaining 
14  cells,  the  readings  showing  the  deviation  of  a  cell  from  the 
mean  of  the  six  cells,  42,  46,  49,  50,  55  and  W159.  The  first  five 
cells  are  those  which  had  been  compared  at  the  bureau  during  the 
summer,  as  mentioned  above,  and  Wi  59  is  a  cell  made  at  the  bureau 
and  kindly  presented  to  Cornell  University.  The  mean  of  these  six 
cells,  as  given  by  the  Bureau  of  Standards,  is  very  nearly  1.01890 
volts  and  this  has  been  taken  as  their  mean.  The  units  used  in  the 
table  are  hundred-thousandths  of  a  volt. 

In  taking  the  measurements  a  Wolff  potentiometer  was  used  with 
a  Sullivan  galvanometer.  Readings  to  hundred-thousandths  of  a 
volt  could  be  taken  with  perfect  definiteness  and  the  readings  could 
be  estimated  to  a  tenth  of  this,  /.  ^.,  to  microvolts.  While  the 
readings  were  actually  made  to  microvolts  there  hardly  seems  to  be 
justification  for  giving  them  inasmuch  as  no  constant  temperature 
bath  was  used  for  the  cells.  For  this  reason  the  readings  in  micro- 
volts have  been  rounded  out  to  the  nearest  value  in  hundred-thou- 
sandths of  a  volt. 
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It  must  be  remembered,  of  course,  that  since  the  temperature 
was  changing,  more  or  less,  continually  the  E.M.F.s  of  the  cells 
have  not  remained  constant  but  having  gone  through  the  same  tem- 
perature change  and,  due  to  similarity  in  construction,  having  about 
the  same  temperature  lag  it  has  been  possible  to  take  a  fair  com- 
parison of  the  cells.  And,  as  mentioned  before,  the  comparison  of 
this  group  of  cells  with  the  cells  made  in  the  previous  year  has  been 
of  very  little  use  because  of  the  large  difference  in  their  temperature 
lag. 

It  would  seem,  from  the  values  as  given  in  the  above  table,  that 
with  a  little  practice  and  a  due  amount  of  care,  cells  may  be  set  up 
in  any  laboratory  which  will  agree  with  those  set  up  elsewhere  to 
within  a  few  parts  in  100,000.  It  is  important  at  this  stage  in  the 
development  of  the  cadmium  cell  that  they  should  be  set  up  in  as 
many  places  as  possible  in  order  that  data  on  their  reproducibility 
may  be  at  hand.  The  author  gives  this  as  his  reason  for  publish- 
ing the  work  on  those  cells. 

Physical  Laboratory, 
Cornell  University. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society, 

Minutes  of  the  Forty-Second  Meeting. 

A  joint  meeting  of  the  American  Physical  Society  and  of  Section  B 
of  the  American  Association  for  the  Advancement  of  Science,  was 
held  in  the  Wilder  Laboratory  of  Dartmouth  University,  Hanover,  N. 
H.,  on  June  30,  1908.     President  Edward  L.  Nichols  presided. 

The  following  papers  were  presented : 

Light  Pressure  on  Black  Surfaces  and  on  Thin  Plates  of  Glass  (with 
experimental  demonstration).     G.  F.  Hull. 

Changes  in  Density  of  the  Ether,  and  Some  Optical  Effects  produced 
by  it.     Charles  F.  Brush. 

On  Oscillations  in  the  Metallic  Arc.     W.  G.  Cady. 

A  Study  of  Overcast  Skies.     Edward  L.  Nichols. 

Demonstration  of  Wilson's  Cloud  Experiment,  etc.     G.  F.  Hull. 

The  Influence  of  Temperature  on  the  Fluorescence  of  Uranium  Glass. 

R.   C.  GiBBS. 

Some  Electrical  Properties  of  Silicon.     Frances  G.  Wick. 

A  Study  of  Short-time  Phosphorescence.     C.  W.  Waggoner. 

An  Experimental  Study  of  the  Recovery  of  Selenium  Cells.  L.  S. 
McDowell.     (Read  by  title.) 

A  Comparative  Investigation  of  Dispersion  and  Electric  Double  Refrac- 
tion in  Liquids.  H.  E.  McComb.  (Presented  by  Professor  C.  A. 
Skinner. ) 

Electromagnetic  Mass  and  Energy.  Daniel  F.  Comstock.  (Read 
by  title.) 

Effects  of  Absorbed  Hydrogen  and  of  Other  Gases  on  the  Photoelectric 
Activity  of  Metals.  V.  L.  Chrisler.  (Presented  by  Professor  C.  A. 
Skinner. ) 

A  New  Method  for  Determining  the  Difference  of  Potential  between  a 
Metal  and  a  Solution  of  One  of  its  Solids.     A.  W.  Ewell. 

The  Isothermal  Layer  of  the  Atmosphere.     W.  J.  Humphreys. 

Coefficients  of  Expansion  at  Low  Temperatures.     H.  G.  Dorsey. 

A.  D.  Cole, 
Secretary  of  Section  B^  A.  A,  A,  S. 
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A    Comparative    Investigation   of   Dispersion   and   Electric 

Double  Refraction  in  Liquids.* 

By  H.  E.  McComb. 

THE  refractive  indices  and  the  double  refraction  in  an  electric  field 
have  been  measured  throughout  the  visible  spectrum  for  six  dif- 
ferent liquids.  These  are  carbon  bisulphide,  benzol,  nitro-benzol,  nitro- 
toluol,  di -methyl-aniline  and  di-ethyl-aniline.  The  refractive  Indices 
were  obtained  by  the  spectrometer ;  the  double  refraction  by  a  Brace 
half-shade  elliptic  polarizer  and  compensator.  The  compensator  was 
calibrated  by  first  measuring  the  strength  of  field  required  to  produce  a 
relative  retardation  of  one  wave,  then  measuring  that  required  to  produce 
a  **  match  "  with  the  compensator  set  at  different  azimuths.  Kerr's  law 
that  the  relative  retardation  is  proportional  to  the  square  of  the  field 
strength  was  then  used  to  calculate  the  value  represented  by  the  various 
azimuth^  of  the  compensator.  Both  carbon  bi -sulphide  and  nitro-benzol 
were  used  as  calibrating  liquids. 

Kerr's  law  states  that  d^B-  TV/dT', 
in  which  ^  =  relative  retardation  in  waves,  F=  difference  of  potential 
between  the  plates  of  the  condenser  of  which  the  liquid  tested  forms  the 
dielectric,  d  =  the  distance  apart  of  the  plates,  /  =s  the  distance  traversed 
in  the  electric  field  by  the  ray  of  light,  and  B  ==  a.  constant. 

Kerr's  conclusion  that  B  varies  as  X—h  for  a  given  liquid  has  been 
proved  incorrect  by  both  Blackwell  and  Hagenow. 

In  this  investigation  the  attempt  is  made  to  discover  if  it  be  associated 
with  the  region  of  optical  resonance.  To  associate  it  with  the  refractive 
index  curve  appears  to  be  the  most  promising  method  of  procedure.  By 
plotting  the  refractive  index  /i  with  wave-length  X,  and  also  the  corre- 
sponding curve  for  B,  the  following  relation  is  found  to  hold  with  five  of 
the  six  liquids  investigated.  The  results  from  the  sixth  are  not  contra- 
dictory, simply  erratic  :  For  a  given  liquid  the  slope  of  the  B-cmtwc  is 
proportional  throughout  the  spectrum  fo  the  slope  of  the  refractive  index 
curve  at  the  same  wave-length.     Expressed  mathematically 

dBldX^c^'diildX, 
Expressing  B  in  terms  of  the  refractive  indices  /*,  and  /*,  for  the  waves 
vibrating  respectively  parallel  and  perpendicular  to  the  electric  force, 

dX\      X      )      ""'dX' 

in  which  c^  and  c^  are  constants  for  the  liquid. 

^  Abstract  of  a  paper  presented  at  the  Hanover  meeting  of  the  Physical  Society,  June 
30,  1908. 


Digitized  by 


Google 


Volume  XXVII.       November,  igo8.  Number  5 


THE 

PHYSICAL  REVIEW 


EQUILIBRIA    IN   STANDARD    CELLS. 
By  G.  a.  Hulett. 

THE  two  combinations  which  have  shown  the  greatest  repro- 
ducibility and  constancy  are  the  Clark  cell  and  the  Weston  or 
cadmium  cell  and  these  cells  are  very  similar  in  construction  : 

Zinc  amalgam     ZnSO^  7H,0     HgjSO^     H,0    mercury 
Cadmium  amalgam     CdSO^  fH^O     Hg^SO^     H,0    mercury 

Many  other  combinations  have  been  suggested  and  tried  but  have 
been  found  wanting  in  constancy  or  reproducibility.  It  has  been 
the  universal  experience  that  a  metal  in  the  solid  state  gives  an  in- 
constant potential  against  a  solution  even  of  its  own  salt  and,  while 
the  cause  of  this  is  not  fully  understood,  the  fact  has  restricted  the 
choice  of  materials  to  liquid  electrodes  for  standard  cells,  thus  mer- 
cury forms  one  electrode  and  a  liquid  amalgam  the  other.  For  this 
amalgam  it  is  desirable  that  the  base  metal  be  well  toward  the  posi- 
tive end  of  the  electrochemical  series  and  hence  far  removed  from 
mercury,  and  that  it  have  a  fair  solubility  in  mercury.  Gouy  *  gives 
as  the  percentage  solubility  of  metals  in  mercury :  Cadmium  4, 
zinc  1.8,  lead  1.3,  bismuth  1.2,  tin  .6,  gold  .13,  and  distinctly  less 
for  other  metals.  It  is  further  desirable  that  the  base  metal  exist  in 
only  one  state  of  oxidation  and  that  its  salts  be  well  defined.  In 
these  requirements  zinc  and  cadmium  are  distinctly  superior  to  all 
other  metals  and  it  is  improbable  that  other  metals  will  be  found  to 
be  of  service  in  standard  cells.  Furthermore  the  depolarizer  must 
have  a  certain  solubility  since  mercury  shows  a  constant  potential 

*J.  de  Physique,  4,  320. 
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only  in  electrolytes  which  contain  definite  amounts  of  mercury  in 
solution  and  experience  has  shown  that  this  solubility  must  not  be 
too  small,  as  in  the  case  of  the  calomel  cell,  or  too  great  as  in  the 
case  of  the  Daniell  cell  where  the  depolarizer,  copper  sulphate,  is 
quite  soluble. 

Since  mercury  is  the  cathode  the  depolarizer  must  be  a  mercur^wj 
salt  with  a  solubility  of  a  few  parts  in  a  thousand  and  there  are  very 
few  available  salts  of  mercury  answering  to  these  requirements; 
mercurous  sulphate  is  distinctly  the  best,  although  mercurous 
chlorate  deserves  to  be  considered.  It  is  also  to  be  noted  that  the 
acid  radical  of  the  base  metal  must  be  the  same  as  that  of  the 
depolarizer  and  if  mercurous  sulphate  is  used  as  depolarizer,  zinc  or 
cadmium  sulphate  must  be  used  in  the  construction  of  the  cell. 
There  are  then  excellent  reasons  for  devoting  attention  to  the  Clark 
and  cadmium  cells  rather  than  seeking  for  other  combinations. 

The  Cathode  Systems, — The  potential  difference  between  an  amal- 
gam and  an  electrolyte  varies  with  the  concentration  of  the  metal  in 
the  amalgam  and  so  this  concentration  must  be  fixed  and  repro- 
ducible for  any  given  temperature.  This  requirement  is  attained 
by  utilizing  a  saturated  solution  of  the  metal  with  an  excess  of  the 
solid  so  that  at  each  temperature  the  proper  concentration  is  auto- 
matically produced  whether  the  electrode  has  lost  or  gained  metal 
from  the  electrolyte  or  in  other  ways.  In  the  Clark  cell  this  two- 
phase  system  is  made  up  of  zinc  and  a  saturated  amalgam,  while  in 
the  cadmium  cell  the  solid  phase  in  the  amalgam  is  an  isomorphous 
mixture  of  mercury  and  cadmium  which  has  a  definite  composition 
for  each  temperature  as  well  as  the  liquid  amalgam  in  equilibrium 
with  it.  The  liquid  phase  of  this  cadmium  amalgam  at  25®  has 
been  carefully  analyzed  and  found  to  contain  5.903  g.  of  cadmium 
to  100  g.  of  mercury  and  it  is  probably  one  of  the  most  accurately 
reproducible  concentrations  known.  In  some  experiments  on  the 
E.M.F.  of  cadmium  amalgams  observations  were  made  on  two 
amalgams  containing  10  per  cent,  and  7  per  cent,  of  cadmium  ;  these 
formed  two-phase  systems  with  different  amounts  of  the  solid,  and 
were  used  as  electrodes  in  a  cadmium  sulphate  solution.  The  sys- 
tem was  made  free  from  oxygen  and  hermetically  sealed  in  a  glass 
cell ;  the  observations  extended  over  a  period  of  six  months,  and 
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although  the  system  was  subjected  to  wide  variations  of  tempera- 
ture whenever  it  was  brought  to  25®,  equilibrium  was  soon  estab- 
lished and  there  never  was  an  E.M.F.  between  the  amalgams  greater 
than  .0000012  volt ;  it  was  generally  less  than  this,  but  if  this  differ- 
ence was  all  due  to  differences  in  the  concentration  of  cadmium  in 
the  two  liquid  phases  it  indicated  differences  of  only  seven  parts  in 
a  million.  In  order  that  this  two-phase  amalgam  may  give  a  defi- 
nite potential  difference,  it  is  necessary  that  it  be  in  contact  with  a 
solution  which  contains  a  cadmium  salt  of  definite  concentration, 
and  here  again  use  is  made  of  the  property  of  a  saturated  solution 
with  an  excess  of  the  solid  salt.  Crystallized  cadmium  sulphate, 
CdSO^  f  HjO,  is  a  particularly  well-defined  salt  and  gives  a  concen- 
tration of  3.363  mols  in  a  liter  at  25®,  the  density  of  this  solution 
is  1.6  [76. 

Since  the  anode  is  made  up  of  two  metals,  cadmium  and  mercury, 
it  is  essential  for  equilibrium  that  the  electrolyte  contain  in  solution 
salts  of  both  metals  and  that  there  be  a  definite  ratio  between  the 
concentrations  of  these  salts,  depending  on  the  relative  concentra- 
tion of  the  metals  in  the  electrode  and  upon  their  relative  solution 
pressures  or  positions  in  the  electrochemical  series.  The  most 
thoroughly  investigated  case  of  this  kind  is  the  equilibrium  between 
mercury,  silver  and  a  solution  of  their  nitrates.^  It  was  shown  that 
silver  did  not  completely  remove  mercury  from  solution  and  that 
mercury,  when  brought  into  contact  with  a  silver  nitrate  solution, 
did  go  into  solution  and  reduce  an  equivalent  amount  of  silver. 
From  whichever  side  approached  there  resulted  a  definite  equi- 
librium with  both  silver  and  mercury  in  the  metal  phase  and  in  the 
solution,  the  equilibrium  was  represented  by  the  following  relation 
proposed  by  Nernst*  l/-P,//i  =  V^-'^2/A»  where  P^,  P^  represent  the 
solution  pressures  of  the  two  metals  and  /j,  /,  the  osmotic  pressures 
of  the  ions  of  these  metals  in  the  electrolye ;  n^  and  n^  represent  their 
respective  valencies.  It  was  further  pointed  out  by  Reinders  that 
in  case  the  metals  formed  a  solution  (liquid  or  solid)  that  /\  and 
P^  would  vary  with  their  respective  concentrations  in  the  metal 
phase  and  the  equation  was  correspondingly  modified. 

»Ogg,  Zeit.  Phys.  Chem.,  27,  2S5.     Reinders,  Zeit.  Phys.  Chem.,  54,  609. 
»Zeit.  Phys.  Chem.,  22,  537. 
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It  must  be  concluded  therefore  that  cadmium  will  not  completely 
remove  mercury  from  solution  and  that  if  mercury  is  brought  into 
contact  with  a  cadmium  sulphate  solution,  some  of  the  mercury 
will  go  into  solution  and  force  out  an  equivalent  amount  of  cadmium. 
Reinders  *  suggested  that  this  state  of  affairs  existed  in  the  standard 
cells,  but  due  to  the  wide  difference  between  cadmium  and  mercury 
in  the  electrochemical  series,  the  equilibrium  concentration  of  mer- 
cury in  the  anode  leg  must  be  very  small.  Obser\'ations  on  the 
cells  themselves  tend  to  confirm  this  point  since  the  anode  shows 
its  correct  potential  difference  soon  after  a  cell  is  constructed,  later 
mercurous  sulphate  diffuses  over  from  the  cathode  and  then  there  is 
a  certain  concentration  of  mercury  about  the  amalgam,  but  the 
arrival  of  the  dissolved  mercury  at  the  anode  is  not  accompanied  by 
a  change  in  E.M.F.,  so  it  would  seem  that  the  equilibrium  concen- 
tration of  mercury  about  the  anode  was  already  present  before  the 
mercury  diffused  over  from  the  cathode,  having  been  furnished  by 
the  interaction  of  the  amalgam  and  the  solution.  Some  results  on 
the  E.M.F.  of  dilute  amalgams,  which  will  soon  be  published,  give 
more  direct  evidence  of  this  relation  and  indicate  that  the  mercury 
concentration  is  very  small.  It  is  to  be  remembered,  however,  that 
it  is  not  the  absolute  but  the  relative  concentrations  which  are  of 
importance  in  determining  electromotive  forces. 

The  anode  of  a  standard  cell  may  then  be  made  up  of  an  elec- 
trode in  two  phases,  the  liquid  amalgam  has  an  exceedingly  exact 
and  reproducible  concentration  for  each  temperature  and  when  this 
equilibrium  is  established  the  solid  phase  has  of  course  the  same 
potential  as  the  liquid  phase  and  does  not  show  the  irregularities 
exhibited  by  a  solid  metal  electrode.  The  electrolyte  about  this 
electrode  is  saturated  with  cadmium  sulphate  and  an  excess  of  the 
crystals  insures  a  definite  concentration  of  cadmium  in  the  electro- 
lyte for  each  temperature  while  the  interaction  of  the  amalgam  and 
this  solution  furnishes  an  equally  definite  mercury  concentration  in 
the  liquid  surrounding  the  electrode.  The  anode  system  is  thus 
seen  to  be  made  up  of  five  phases :  solid  and  liquid  amalgam,  solu- 
tion, solid  salt  of  the  base  metal,  and  vapor.  The  components 
are  therefore  :  mercury,  base  metal,  water  and  acid  radical  and  thus 
for  each  temperature  they  form  a  non-variant  system. 
iZeit.  Phys.  Chcm.,  42,  232. 
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It  is  evident  that  the  equilibria  in  these  anode  systems  are  rapidly 
established  as  soon  as  the  temperature  is  fixed.  Of  the  two  anode 
systems  it  is  probable  that  they  are  equally  reproducible  and  con- 
stant, the  solubility  of  zinc  sulphate  crystals  changes  very  greatly 
with  the  temperature  and  there  is  a  tendency  for  these  crystals  to 
**  cake  "  above  the  amalgam,  while  the  cadmium  sulphate  crystals 
have  an  exceptionally  small  temperature-solubility  coefficient  and 
have  not  shown  this  tendency.  The  tendency  of  the  zinc  amalgam 
to  cause  the  platinum  contact  wire  to  crack  the  glass  has  been  a 
source  of  trouble  with  Clark  cells,  also  the  zinc  amalgam  slowly  gen- 
erates hydrogen  from  its  sulphate  solution  so  it  is  probable  that  a  zinc 
sulphate  solution  has  a  fair  concentration  of  hydrogen  ions  while 
there  is  no  evidence  of  the  liberation  of  hydrogen  in  the  anode  sys- 
tem of  the  cadmium  cell  and  it  is  probable  from  other  experiments 
also  that  a  cadmium  sulphate  solution  is  only  slightly  hydrolyzed, 
if  at  all,  and  so  contains  practically  no  hydrogen  ions.  The 
cadmium  anode  is  more  completely  reversible  than  the  zinc  anode, 
for  in  as  far  as  hydrogen  is  liberated  with  the  deposition  of  the  metal 
the  change  is  not  reversible,  but  this  does  not  effect  the  equilibrium, 
reproducibility  or  constancy  of  the  zinc  anode  system  and  while  the 
lack  of  hydrogen  ions  in  the  cadmium  sulphate  solution  is  an  advan- 
tage in  the  anode  system  of  the  cadmium  cell,  it  is  the  cause  of  a 
state  of  unstable  equilibrium  in  the  cathode  system  of  this  cell  as 
the  following  results  show.  In  this  respect  the  acid  qualities  of  the 
zinc  sulphate  solution  constitute  a  very  decided  advantage. 

Reinders  *  was  the  first  to  point  out  that  these  cells  could  not  be 
considered  as  one  system  since  the  electrolyte  at  the  cathode  is 
saturated  with  mercurous  sulphate  which  continually  diffuses  over 
to  the  anode  and  is  there  reduced  to  a  very  small  concentration  by 
the  amalgam.  Equilibrium  would  be  established  only  on  the  dis- 
appearance of  the  base  metal  from  the  anode  or  the  disappearance 
of  the  mercurous  sulphate  as  a  solid  phase,  in  either  case  the 
E.M.F.  would  become  zero  or  inconstant.  This  type  of  cell  is 
made  up  of  two  distinct  systems  which  are  in  electrolytic  contact 
but  not  in  equilibrium  with  each  other,  but  as  the  cells  are  con- 
structed the  diffusion  from  cathode  to  anode  is  so  slow  that  the  life 

'Konink.  Akad.  VVetensch.  Amsterdam,  Versl.  11,  115. 
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of  the  combination  is  very  great.  It  was  further  noted  by  Reinders 
that,  for  a  constant  and  reproducible  E.M.F.,  it  was  essential  that 
both  the  anode  system  and  the  cathode  system  be  nonvariant  sys- 
tems when  the  temperature  was  fixed.  The  Clark  cell  conforms  to 
these  requirements  but  the  results  now  at  hand  show  that  the 
cathode  system  of  the  cadmium  cell  does  not. 

The  Cathode  Systems.  —  The  materials  used  in  constructing  the 
cathode  system  of  the  cadmium  cell  are :  Mercury,  mercurous  sul- 
phate, cadmium  sulphate  and  water.  An  excess  of  the  two  sulphates 
are  used  and  it  may  be  assumed  that  there  results  a  solution  satu- 
rated in  respect  to  CdSO^  f  H^O  and  Hg^SO^  provided  that  these 
salts  are  in  their  stable  forms  at  the  temperatures  considered,  do 
not  form  isomorphous  mixtures,  double  salts  or  interact  chemically. 
The  mercury  will  not  be  pure  but  will  contain  a  small  equilibrium 
concentration  of  cadmium  due  to  its  interaction  with  the  solution. 
There  appears  then  a  potential  difference  between  this  electrode  and 
the  solution  which  is  a  function  only  of  the  temperature  and  if  the 
premises  are  correct  it  may  be  concluded  that  rotating  this  system 
will  not  affect  the  potential  difference  provided  the  materials  are  not 
reduced  to  such  a  fine  state  of  subdivision  that  the  effect  due  to  sur- 
face tension  becomes  measurable.  But  it  has  been  found*  that 
there  was  a  very  decided  change  in  the  potential  difference  when 
this  cathode  system  of  the  cadmium  cell  was  rotated,  a  slow  increase 
was  observed  amounting  in  some  cases  to  two  millivolts.  The  ap- 
paratus used  in  rotating  the  system  gave  a  thorough  mixing  of  the 
contents  but  avoided  grinding  the  solids  to  a  fine  powder  or  reduc- 
ing the  mercury  to  small  globules.  Indirect  evidence  was  also  ob- 
tained to  show  that  the  observed  change  in  potential  difference  was  in 
no  way  due  to  surface  tension.  It  seemed  possible  that  the  dissolved 
oxygen  had  changed  some  of  the  mercurous  sulphate  to  the  more 
soluble  mercuric  form  and  that  the  resulting  increased  mercury 
concentration  caused  the  increased  potential  difference.  This  ob- 
vious explanation  was  rigidly  tested  ^  but  it  was  found  that  the  ab- 
sence of  oxygen  made  no  difference  in  the  results  of  the  rotation 
experiment  and  considerable  indirect  evidence  also  pointed  to  the 

'  Phys.  Rev.,  23,  176,  and  25,  16. 
*Phys.  Rev.,  25,  19-24. 
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same  conclusion.  The  evidence  on  this  point  seemed  so  decisive 
that  it  is  to  be  concluded  that  dissolved  oxygen  plays  no  role  what- 
ever in  these  systems.  If  the  rate  of  solution  of  mercurous  sulphate 
was  slow  the  equilibrium  point  would  be  slowly  approached  and 
only  on  rotating  the  system,  but  it  has  been  frequently  noticed  that 
the  cell  assumes  a  certain  E.M.F.  soon  after  it  is  constructed  and 
if  its  value  undergoes  any  change  it  is  to  decrease,  while  an  increas- 
ing mercury  concentration  would  mean  an  increasing  E.M.F.  This 
fact  seems  to  effectively  dispose  of  the  idea  of  a  slow  rate  of  solu- 
tion of  the  mercurous  sulphate  in  a  cadmium  sulphate  solution  ;  it 
shows  that,  at  least  the  layer  next  to  the  mercury  electrode,  dis- 
solved as  much  mercury  sulphate  as  it  will  in  a  very  short  time. 

There  was  still  the  possibility  that  the  mercurous  sulphate  was 
hydrolyzed  by  the  cadmium  sulphate  solution  with  the  formation 
of  a  basic  salt  and  an  acid  solution,  a  reaction  which  would  pro- 
ceed until  a  certain  acid  concentration  was  established.  This  point 
was  tested  by  adding  acid  to  the  system  and  it  was  found  that  it 
did  not  then  show  the  slowly  increasing  potential  difference  but 
came  to  a  constant  value  very  soon  after  the  rotation  was  begun. 
This  was  good  evidence  that  mercurous  sulphate,  conforming  to  its 
well  known  tendency,  did  hydrolyze  in  a  cadmium  sulphate  solution. 
The  only  evidence  for  the  increase  in  the  mercury  concentration  was 
the  increase  in  the  potential  difference  observed  in  the  rotation  experi- 
ments. This  increase  of  some  two  millivolts  would  indicate,  accord- 
ing to  Nemst  logarithmic  relation,  an  increase  of  some  1 5  per  cent, 
in  the  concentration  of  the  mercurous  sulphate,  assuming  that  there 
was  a  gram  of  mercurous  sulphate  in  a  liter  of  the  solution  and  it 
was  largely  dissociated ;  but  if  it  was  only  slightly  dissociated  in  the 
cadmium  sulphate  solution,  the  observed  change  in  potential  differ- 
ence would  indicate  a  much  greater  increase  in  the  mercury  con- 
centration and  it  therefore  seemed  possible  to  detect  analytically  such 
changes  in  concentration  if  they  existed. 

The  clear  solution  from  the  cathode  system  had  a  density  of 
1.6 1 76,  contained  760  g.  of  CdSO^  in  a  liter  but  only  about  one 
gram  of  mercurous  sulphate  and  considerable  difficulty  was  encoun- 
tered until  a  special  method  of  analysis  was  devised.  It  was  found 
that  an  excess  of  hydrochloric  acid  entirely  prevented  the  precipita- 
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tion  of  CdS  by  sulphuretted  hydrogen  but  all  the  mercury  was 
thrown  out  as  a  black  sulphide.  However  the  difficulty  of  separa- 
ting this  sulphide  of  mercury  from  the  viscous  liquid  was  so  great 
that  it  could  not  be  used  for  quantitative  determinations  although  it 
served  as  a  method  of  detecting  traces  of  mercury  in  the  concen- 
trated cadmium  sulphate  solution  and  also  to  estimate  small  quan- 
tities colorimetrically.  Hydrochloric  acid  was  found  to  precipitate 
mercury  from  these  solutions  as  mercurous  chloride  which  Ley  and 
Himbuchsen  *  have  shown  to  have  a  solubility  of  only  .2  mg.  in  a 
liter,  much  less  soluble  than  silver  chloride  and  it  was  found  that 
the  mercurous  chloride  soon  coagulated  and  filtered  nicely.  It  is 
known  however  that  these  solutions  also  contain  a  certain  very  small 
concentration  of  mercuri:  mercury,  since  there  is  always  an  equilib- 
rium established  between  the  va^xcwxous  and  mercuri:  mercury  in  a 
solution  which  is  in  contact  with  mercury,  but  in  the  case  of  mercury 
this  equilibrium  favors  the  -ous  state  of  oxidation  so  that  probably 
less  than  one  per  cent,  of  the  mercury  in  solution  was  in  the  -ic 
state.  In  consideration  of  this  point  it  was  deemed  best  to  follow 
the  precipitating  reagent,  HCl,  with  a  reducing  agent  and  sulphur 
dioxide  was  used.  These  reagents  so  completely  removed  the 
mercury  that  sulphuretted  hydrogen  failed  to  show  a  trace  of  mer- 
cury in  the  filtrate.  The  mercurous  chloride  was  easily  collected 
in  a  Gooch  crucible,  washed  with  watei^  and  dried  in  a  vacuum  des- 
iccator over  calcium  chloride.*  It  had  been  previously  shown  that 
this  precipitate  could  be  completely  dried  in  this  way  without  loss 
while  it  was  noticeably  volatile  at  ioo°  and  again  it  has  been  found 
that  this  is  a  most  satisfactory  analysis  and  an  exceedingly  exact 
method  of  determining  mercury. 

As  soon  as  it  was  found  possible  to  determine  the  mercury  quan- 
titatively in  these  cathode  solutions  the  rotation  experiments  were 
repeated  and  a  complete  analysis  was  made  of  the  clear  solutions 
together  with  the  density,  conductivity  and  potential  difference 
against  mercury.  These  determinations  have  been  made  also  on 
systems  to  which  known  amounts  of  sulphuric  acid  were  added  and 
from  these  results  the  solubility  curve  of  mercurous  sulphate  as  a 

*Zeit.  f.  Electrochem.,  lo,  301. 
*Zeit.  Phys.  Chem.,  49,  500. 
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function  of  the  sulphuric  acid  concentration  in  this  system  has  been 
determined  and  the  curve  gives  definite  information  about  the 
hydrolysis  of  mercurous  sulphate  in  a  cadmium  sulphate  solution. 
Materials,  Apparatus  and  Method,  —  In  the  previous  experiments  ^ 
it  was  found  that  either  the  electrolytic  mercurous  sulphate  or  the 
chemically  prepared  salt  gave  high  values  in  the  rotated  cathode 
system  of  the  cadmium  cell.  The  essentials  are  that  the  depolarizer 
be  normal  mercurous  sulphate,  that  acid  be  rigidly  excluded  from 
the  system  and  that  the  system  be  closed  during  the  rotation.  For 
the  present  work  the  mercurous  sulphate  was  prepared  by  adding, 
drop  by  drop,  a  molecular  solution  of  mercurous  nitrate  to  a  rapidly 
stirred  sulphuric  acid  solution.  Two  liters  of  this  acid,  density  1. 1 5, 
were  used  in  preparing  125  grams  of  the  mercurous  sulphate.  The 
stirring  was  done  with  a  motor  and  three  hours  were  taken  for  the 
precipitation  so  as  to  obtain  a  well  crystallized  product  free  of  inclu- 
sions. The  action  of  light  was  avoided  while  with  the  excess  of 
acid  used  and  metallic  mercury  in  both  solutions,  the  basic  salts 
could  not  have  formed.  The  product  was  pure  white,  distinctly 
crystalline  and  easily  washed,  but  as  the  complete  removal  of  acid 
was  important  particular  attention  was  given  to  this  operation.  The 
salt  was  first  thoroughly  washed  with  molecular  sulphuric  acid, 
then  with  absolute  alcohol  and  finally  with  some  of  the  solution  in 
which  it  was  to  be  used,  this  was  done  in  a  Gooch  crucible  with 
filter  disk  and  strong  suction  was  used  after  each  washing.  Cells 
have  been  constructed  from  time  to  time  with  this  preparation  and 
they  have  shown  the  normal  value  and  have  remained  constant. 
The  cadmium  sulphate  was  recrystallized  and  only  the  clear  well 
rinsed  crystals  used,  as  this  salt  is  not  isomorphous  with  other  sul- 
phates impurities  were  not  feared.  The  zinc  sulphate  was  more 
troublesome  to  obtain  in  a  satisfactory  state.  Iron,  lead  and  cad- 
mium were  removed  by  the  method  of  Mylius  and  Fromm.*  The 
salt  was  then  recrystallized  and  the  crystals  centrifuged  (Richards). 
The  mercury  used  was  chemically  purified  with  an  acid  solution  of 
mercurous  nitrate  and  then  distilled  under  diminished  pressure  with 
a  current  of  air  passing  through  with  the  vapor,*  a  method  that 
insures  the  removal  of  such  metals  as  zinc  and  cadmium. 

>Phys.  Rev.,  23,  177,  and  25,  19. 
*Zeit.  anorg.  Chetn.,  9,  144. 
»Phys.  Rev.,  21,  388. 
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Conductivity  water  was  used  where  justified  in  making  the  solu- 
tions, and  when  acid  was  to  be  added  to  the  system  the  zinc  or 
cadmium  sulphates  were  dissolved  in  sulphuric  add  of  known 
strength.  These  acids  were  all  made  by  dilution  from  the  original 
molecular  sulphuric  acid  which  was  made  from  distilled  sulphuric 
acid  and  conductivity  water,  the  density  of  this  solution  was  1.05948 
at  25°  and  it  was  found  to  be  1.012  molar  by  comparison  with  a 
carefully  analyzed  hydrochloric  acid  solution. 


N- 


V^ 


Fig.  1. 


Fig.  2, 


The  systems  were  brought  to  equilibrium  in  tubes  32  mm.  in 
diameter  and  1 50  mm.  long,  made  as  shown  in  Fig.  2.  A  tube 
was  charged  with  about  i(X>  g.  of  mercury,  a  good  excess,  then 
with  about  20  g.  of  the  crushed  zinc  or  cadmium  sulphate  crystals 
and  25  g.  of  the  properly  washed  mercurous  sulphate  crystals. 
Finally  the  tube  was  filled  to  the  neck  with  the  saturated  zinc  or 
cadmium  sulphate  solution.  Attention  was  given  to  really  saturat- 
ing these  solutions  at  about  25°.  The  tube  was  now  closed  with 
a  cork  and  a  rubber  cap  was  drawn  over  the  cork  and  neck  of  the 
tube  to  securely  close  the  system.  The  tube  was  rotated  in  the 
bath  in  a  horizontal  position  and  about  the  longer  axis.  It  rested 
in  the  loops  of  little  belts  which  extended  down  from  a  shaft  which 
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was  fixed  above  the  bath  and  its  speed  so  regulated  that  the  tube 
rotated  at  a  rate  of  10  revolutions  per  minute.  This  rate  gave  a 
most  thorough  mixing  of  the  contents  of  the  tube,  but  was  not 
rapid  enough  to  grind  the  solid  contents  to  a  powder  or  to  cause 
the  mercury  to  become  divided  into  fine  globules.  From  time  to 
time  the  tube  was  brought  to  an  upright  position  in  the  bath,  the 
cap  and  cork  were  removed  and  the  anode  of  the  adjustable  cell  A^ 
Fig.  I,  was  brought  into  contact  with  the  contents  of  the  tube  and 
thus  the  E.M.F.  between  the  amalgam  of  this  anode  and  the  mer- 
cury of  the  system  was  determined.  Whatever  changes  in  the 
E.M.F.  were  observed  between  successive  observations  were  known 
to  be  due  to  changes  in  the  potential  difference  of  the  rotated 
cathode  system  because  the  anode  was  not  rotated,  and  with  its  own 
unrotated  cathode  C,  Fig.  i,  there  was  always  a  check  on  the  con- 
stancy of  the  anode  and  also  a  comparison  of  the  rotated  and  unro- 
tated system  since  the  same  materials  served  for  the  construction  of 
both  of  these  systems.  Each  equilibrium  tube  was  rotated  until  the 
potential  difference  of  the  system  became  constant  and  in  some  cases 
this  required  two  weeks  or  more.  It  is  to  be  noted  that  during  the 
rotation  nothing  could  enter  or  leave  the  system  nor  at  any  time 
since  the  system  was  quiet  when  the  anode  was  adjusted  and  a 
diffusion  of  dissolved  mercury  out  through  the  narrow  tube  B  of  the 
anode  tester  during  the  time  of  making  a  measurement  was  not  to 
be  considered.* 

When  the  system  was  in  equilibrium,  as  indicated  by  no  further 
increase  in  the  E.M.F.,  the  tube  was  allowed  to  stand  quietly  in  the 
bath  for  a  day,  or  until  the  liquid  was  perfectly  clear,  and  then  it 
was  drawn  up  into  a  large  pyknometer  through  a  little  glass  tube. 
The  pyknometer  and  contents  were  brought  to  25°  and  the  mass 
of  a  known  volume  of  the  solution  was  determined.     This  solution 

^  Attention  is  called  to  this  point  since  it  will  be  readily  seen  that  if  the  anode  and 
cathode  systems  had  been  in  liquid  contact  during  the  rotation  that  the  diffusion  of  mer- 
curous  sulphate  to  the  anode,  aided  by  convection,  would  have  been  a  maximum,  and 
since  the  hydrolysis  of  mercurous  sulphate  in  this  system  is  an  exceptionally  slow  reaction 
there  would  have  been  little  increase  in  the  mercury  concentration  in  the  cathode  system ; 
such  methods  would  not  show  the  real  changes  that  did  take  place.  Neglect  to  guard 
against  this  point  may  possibly  account  for  the  low  results  obtained  in  some  of  the  ex- 
periments lately  made  by  Drs.  F.  A.  Wolff  and  C.  E.  Waters.  Bull.  Bureau  of  SUnd- 
ards.  Vol.  4,  81. 
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was  transferred,  with  a  little  water,  to  a  flask  and  made  acid  with 
sulphuric  acid  and  then  the  mercury  was  precipitated  with  5  c.c. 
of  strong  hydrochloric  acid  and  finally  sulphur  dioxide  was  bubbled 
into  the  solution  to  reduce  the  small  amount  of  mercuric  mercury. 
The  HgCl  coagulated  nicely  and  required  only  a  very  thin  felt  in 
the  Gooch  crucible,  it  was  determined  as  already  described  (p.  109) 
and  the  weight  calculated  to  HggSO^.  The  results  are  regarded  as 
reliable  to  .1  mg.  The  clear  filtrate  was  evaporated  in  a  platinum 
dish,  heated  to  expel  the  hydrochloric  acid  and  excess  of  sulphuric 
acid  and,  after  cooling  in  a  desiccator,  weighed.  The  dish  and  sul- 
phate was  then  reheated  for  an  hour  at  about  500°  in  an  atmo- 
sphere containing  a  little  SO3  vapor,  cooled  and  reweighed. 

Thus  for  each  system  the  mass  of  the  solution,  of  the  CdSO^.  and 
the  mercury  as  HgCl  were  directly  determined  while  the  water  was 
had  by  difference.  In  case  acid  had  been  added  a  further  calculation 
was  necessary ;  for  example  in  Experiment  No.  i,  **  cadmium  sys- 
tem in  molar  sulphuric  acid,'*  the  dissolved  CdSO^  f  ^^2^  added  its 
water  of  crystallization  to  the  solution,  but  the  amount  was  obtained 
from  the  weight  of  the  CdSO^  and  with  this  allowance  the  amount 
of  HjSO^  in  the  volume  of  the  solution  taken  was  determinable ;  in 
this  experiment,  where  molar  sulphuric  acid  had  been  used,  the  solu- 
tion was  only  .810  molar  in  respect  to  sulphuric  acid. 

The  thermostat  used  in  the  previous  work  ^  maintained  the  tem- 
perature to  within  .02  of  25°  throughout  the  long  runs  and  ma- 
terially aided  in  the  accuracy  of  many  of  the  measurements.  The 
temperature  was  determined  by  a  1/50°  calibrated  thermometer 
which  was  checked  at  32.383°,  the  transition  point  of  sodium  sul- 
phate (Richards  and  Wells).  The  two  pyknometers  used  were 
calibrated  from  time  to  time  and  it  was  found  that  the  mass  of  the 
pyknometer,  alone  or  filled  with  water,  was  determinable  to  less 
than  .5  mg.  The  volumes  were.  No.  i  47.7605  and  No.  2 
49.0856  cm.  at  25°.  All  weighings  were  made  by  substitution  of 
calibrated  weights  and,  where  justifiable,  vacuum  corrections  were 
made.  The  conductivity  measurements  were  made  in  the  usual 
way,  a  long  narrow  Arrhenius  form  of  cell  with  a  capacity  factor  of 
8,040  was  used. 

'  Phys.  Rkv.,  25,  19. 
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In  the  E.M.F.  determinations  the  same  apparatus  and  precautions 
were  used  as  in  the  previous  work ;  *  it  was  found  quite  necessary  to 
thoroughly  insulate  the  lead  wires  to  the  rotation  tubes  and  for  the 
adjustable  cells  since  they  dipped  into  the  water-bath.  This  was  done 
by  covering  them  with  glass  tubes  as  indicated  in  Figs,  i  and  2. 

Cathode  Systems  of  the  Cadmium  Cell, 

Experiment  /.  —  System  in  1.012  molar  sulphuric  acid,  rotated 
8  days,  25°. 


Mass  of  solution  in  49.0856    c.c.     75.377      g. 


CdSO^ 
Hg.^O, 


'  49.0856 
'  49.0856 
'  49.0856 
'  49.0856 
1.53564 
.14423 


27.384 
.0371 
44.051 
3.905 


Moles  in  a  Liter. 


E.M.F 

Adjustable  cell . 


2.6757 
.001524 
48.683 
.810 

1.01678  K 
1.01671  ** 


Experiment  2,  —  System  in  .506  molar  sulphuric  acid,  rotated  5 
days,  25°. 


Mass  of  solution   in  47.7605    ( 
"     CdSO^      "47.7605 
'*    HgjSO,    "47.7605 
"    H,0         "47.7605 
'*    H,SO^     '*  47.7605 

As 1.57511 

^, 07738 


75.209     g. 

Moles  in  a  Liter. 

29.989     " 

3.0116 

.0442    " 

.001867 

43.330      " 

50.860 

1.847      " 

.384 

E.M.F 1.01747  F. 

Adjustable  cell 1.01745  " 

Experiment  3,  —  System  in  .2024  molar  sulphuric  acid,  rotated 
6  days,  25°. 

Mass  of  solution   in  47.7605    < 

"    Cd.^O^     "47.7605 

"    HgjSO^  "  47.7605 

"    H,0        "47.7605 

"    H^SO^     "47.7605 

Z>,5 1.60032 

A,5 05350 

Experiment  4.. — System  in  .1012  molar  sulphuric  acid,  rotated 
10  days,  25®. 

'  Phys.  Rtv.,  25,  29. 


.c.     76.433     g. 

Moles  in  a  Liter. 

"      32.0905    " 

3.2226 

.0478.  " 

.002017 

"      43.570      " 

50.641 

.7263    " 

.155 

E.M.F. 

1.01808  r, 

Adjustable  cell 1.01802  " 
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Mass  of  solution    in  47.7605    < 
"      CdSO^     "  47.7605 
"      HgjSO^  **  47.7605 
"      H,0        "  47.7605 
"      HjSO^    "  47.7605 

Z>,5 1.60880 

A,5 04674 
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76.836       g. 

Moles  in  a 

Liter. 

32.805 

3.2944 

.04937    " 

.002084 

43.622 

50.700 

.360        " 

E.M.F. 
Adiustal 

.0769 
...  1.01823   r. 

31C 

cell.... 

...  1.01821    " 

Experiment  5,  — System  in  .05064  molar  sulphuric  acid,  rotated 
7  days,  25°. 

Mass  of  solution    in  47.7605    c.c.     77.032 
<«      CdSO^     "  47.7605 
"      HgjSO^  "  47.7605 
<«      HjO        "  47.7605 
"      HjSO^    "47.7605 


A,5 04372 


77.032       g. 

Moles  in  a 

Liter. 

33.120 

3.3260 

.05176    *' 

.002185 

43.680 

50.722 

.180 

.0384 

E.M.F.... 

...  1.01834 

Adjustable 

cell 

....  1.01834 

Experiment  6,  —  System  in  .02024  molar  sulphuric  add,  rotated 
13  days,  25^. 


Mass  of  solution   in  49.0856    c.c. 

"      CdSO^     "  49.0856  " 

"      HgjSO^  "  49.0856  " 

"      HjO        «<  49.0856  ** 

"      HjSO^    "  49.0856  " 

Z)„ 1.61565 

^25 04180 


79.304       g. 

Moles  in  a  Liter. 

34.262 

3.348 

.05514    " 

.002265 

44.914 

50.910 

.0737      " 

.0153 

E.M.F 

....  1.01847    V. 

Adjustable 

celU... 

....  1.01835     " 

Experiment  7.  —  System  without  acid  added,  rotated  2 1  days,  25^ 


Mass  of  solution  in  47.7605    c.c. 

77.251 

g.                        Moles  in  Liter. 

"      CdSO^     "47.7605     " 

33.470 

3.361 

"      Hg.SO^  "47.7605     " 

.0640 

.002701 

"      H,0        "47.7605      " 

43.717 

50.800 

Z?35 1.61747 

E.M.F 1.01905    V. 

:^i5 04037 

Adjustable  cell L01837     " 

Experiment  <?.  —  System  without  acid  added,  rotated  21  days,  25^ 

Mass  of  solution  in  49.0856  c.c. 

"      CdSO^     "49.0856  " 

"      HgjSO^  "  49.0856  " 

"      H2O        "49.0856  " 

Z?,5 1.61771 

X,5 04057 


79.405 

g.                         Moles  in  Liter. 

34.435 

3.365 

.0726 

.002980 

44.897 

50.770 

E.M.F 1.01940    V, 

Adjustable  cell L0I836    " 
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Experiment  p.  —  System  without   acid  added.      Fresh  solution 
was  added  to  the  solids  of  experiment  8,  rotated  20  days,  25®. 

Mass  of  solution  in  49.0856    c 

"       CdSO^     "  49.0856 

**       HgjSO^  "  49.0856 

"       H,0        "  49.0856 
X?,5 1.01765 


.04061 


79.402 

g- 

Moles  in  a 

Liter. 

34.417 

<< 

3.363 

.0742 

(< 

.003047 

44.911 

i< 

E.M.F 

50.790 
..  1.02015  V, 

Adjustable 

cell 

...  1.01836  ** 

Cathode  Systems  of  the  Clark  Cells. 

Experiment   10,  —  System    with    1.012    molar    sulphuric   acid, 

rotated  8  days,  25°. 

72.2942  g. 

24.000  •* 

.0296  " 

45.500  '* 

2.765  " 


Mass  of  solution  in  49.0856 
"  ZnSO^  "  49.0856 
««  HgjSO^  "  49.0856 
"  H2O  "  49.0856 
"       HjSO^    "  49.0856 

Z>,5 1.47436 

A,5 08588 


Moles  in  a  Liter. 

3.028 
.001216 
51.460 
.5744 

E.M.F 1.41588  V, 

Adjusteble  cell 1.41595   " 


Experiment  11,  —  System  with  .506  molar  sulphuric  acid,  rotated 

3  days,  25°. 

Mass  of  solution  in  49.0856    c 
•*       ZnSO^     "  49.0856 
"       HgjSO^  "  49.0856 
"       Hfi       "  49.0856 
•'       HjjSO^    "  49.0856 


1.48214 


A„ 06110 

Experiment   12,  —  System   with 
rotated  3  days,  25°. 

Mass  of  solution  in  49.0856 

"       ZnSO^     "  49.0856 

"       HgjSO^  "  49.0856 

"       H,0        "  49.0856 

"       H,SO^    "  49.0856 

/>,5 1.49037 

Xj5 04500 

Experiment  ij. — Syst 

Mass  of  solution  in  49.0856    c 

"       ZnSO^     "  49.0856 

"       HgjSO^  «  49.0856 

•«       H,0        "  49.0856 

i?,5 1.49308 

X,5 04141 


72.7524    g. 

Moles  in  a  Liter. 

25.355       *' 

3.1993 

.03516  " 

.001444 

46.032       " 

52.060 

1.330       •* 

.270 

E.M.F. 

1.41813  K 

Adjusuble  cell........  1.41810   " 

.1012    molar    sulphuric    acid, 


73.155 

g.                      Moles  in  a  Liter. 

26.402 

3.331 

.03942 

"                                             .001619 

46.455 

52.537 

.259 

.0537 

E.M.F 1.42016  K. 

Adjusuble  cell 1.42015   " 

without 

acid  added,  rotated  5  days,  25 

73.288 

g.                      Moles  in  a  Liter. 

26.637 

3.361 

.04108 

.001687 

46.610 

52.710 

E.M.F 1.42047  V. 

Adjusuble  cell 1.42043   ** 
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In  the  present  state  of  our  knowledge  of  solutions,  solubility  re- 
sults are  best  expressed  as  parts  or  moles  to  icx>  g.  of  solvent,  but 
in  the  present  case  the  solvent  water  was  determined  by  difference 
and  included  all  the  other  errors  while  the  volume  of  the  solution 
analyzed  was  so  accurately  known  it  seemed  best  to  calculate  the 
results  to  moles  in  a  liter  and  these  data  are  found  in  the  last  column 
of  the  tables.  The  character  of  the  curves  obtained  were  the  same 
whichever  way  the  observations  were  calculated. 

It  is  well  known  that  acid  decreases  the  E.M.F.  of  standard  cells 
and  this  may  be  seen  at  once  from  the  tabulated  results.  On  plot- 
ting the  electromotive  forces  as  a  function  of  the  add  concentra- 
tions, the  curve  appeared  to  be  a  straight  line,  and  in  the  case  of 
the  Clark  cell  the  most  probable  curve  for  the  four  determinations 
showed  that  a  change  of  one  millivolt  in  the  E.M.F.  of  the  cell  cor- 
responded to  a  change  of  .121  mole  in  a  liter  of  the  sulphuric  acid. 
In  the  case  of  the  cadmium  cell  the  linear  function  applies  only  for 
concentrations  greater  than  .1  molar  acid,  since  for  very  small  acid 
concentrations  the  E.M.F.  curve  changes  are  very  great  and  follow 
quite  different  curves,  but  for  the  region  of  .1  molor  sulphuric  acid 
and  beyond  a  change  of  one  millivolt  in  the  E.M.F.  of  the  cell  cor- 
responds to  a  change  of  .410  mole  in  the  acid  concentration  of  the 
electrolyte,  so  sulphuric  acid  has  a  much  less  effect  on  the  E.M.F. 
of  the  cadmium  cell  than  in  the  Clark  cell. 

On  inspecting  the  tables  it  is  seen  that  the  rotation  did  not  affect 
the  E.M.F.  of  the  Clark  cell ;  in  experiment  13  the  rotated  cathode 
system  of  the  Clark  cell  had  the  same  potential  difference  as  did  the 
unrotated  cathode  system  of  the  adjustable  cell.  This  is  also  true 
in  experiments  10,  11  and  12  where  acid  had  been  added.  In  the 
case  of  the  cadmium  cell  where  sufficient  acid  had  been  added  there 
was  no  essential  difference  between  the  rotated  and  unrotated 
cathode  systems,  as  was  found  in  experiments  i,  2,  3,  4  and  5. 
But  in  experiment  6  with  only  .0153  mole  of  sulphuric  acid  to  the 
liter  of  electrolyte,  the  rotated  system  was  .00012  volt  higher  than 
the  unrotated  adjustable  cell  and  in  experiments  7,  8  and  9  where 
no  acid  was  added  the  observed  increase  in  E.M.F.  was  from 
.00070  to  .00189  volt.  These  high  values  did  not  remain  constant 
when  the  rotation  was  stopped  but  decreased  on  standing ;  the  first 
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readings  were  taken  in  about  one  minute  after  stopping  the  rotation 
and  then  at  intervals.  On  plotting  these  observations  it  was  pos- 
sible to  get  the  value  at  the  moment  of  stopping  the  rotation.  For 
example  in  experiment  9  one  of  the  last  observations  made  was  as 
follows : 

I  ;j  minutes  after  stopping  the  rotation  E.M.F.  1.0200 

2^       "         *«  «*  "       "  «'  1.01992 

614       "        **  «*  «*       "  "  1.01977 

24  '*        ♦*  *•  **       *•  **  1.01968 

and  this  indicated  1.02015  as  the  initial  value  with  an  error  prob- 
ably not  greater  than  .00005.  That  this  was  the  true  value  was 
shown  by  removing  some  of  the  clear  supernatant  liquid  and  test- 
ing it  on  a  clean  mercury  surface.*  The  reason  for  the  decrease 
will  soon  be  given. 

It  was  expected  that  sulphuric  acid  would  decrease  the  solubility 


Fig.  3. 

of  the  sulphates  in  these  systems  and.  for  a  given  temperature,  the 
solubility  of  the  mercurous  sulphate  and  cadmium  sulphate  (or  zinc 
sulphate)  should  decrease  uniformly  with  increasing  acid  concentra- 

*Phys.  Rev.,  25,  27. 
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tion.  On  plotting  the  results  this  was  found  to  be  true  for  all  ex- 
cept the  mercurous  sulphate  in  the  cathode  system  of  the  cadmium- 
cell ;  the  results  are  represented  by  curve  /,  Fig.  3.  For  a  concen- 
tration of  .810  molar  sulphuric  acid  in  the  system  the  mercurous 
sulphate  was  .001524  mole  in  a  liter  and  as  the  acid  concentration 
decreased  the  mercury  concentration  increased  uniformly  until  the 
acid  had  been  reduced  to  .08  mole  in  a  liter.  The  results  between 
these  values  gave  a  straight  line  which  has  been  extended  to  zero 
concentration  of  acid.  The  mercurous  sulphate  found  for  the  .0384 
molar  sulphuric  acid  was  distinctly  above  this  line  by  4.5  per  cent,  of 
its  value,  while  for  the  concentration  of  .0153  acid  in  the  system 
the  mercury  was  7.3  per  cent,  too  high  and  for  the  systems  without 
acid  was  some  3  5  per  cent,  greater  than  the  normal  solubility  ob- 
tained by  exterpolating  the  curve.  In  short  there  is  a  distinct  break 
in  the  solubility  curve  of  mercurous  sulphate  in  the  cathode  system 
of  the  cadmium  cell  as  soon  as  the  sulphuric  acid  concentration  has 
been  reduced  to  .08  mole  in  a  liter,  and  this  indicates  a  change  in 
the  nature  of  the  solid  mercurous  sulphate  or  that  a  chemical  reac- 
tion begins  and  takes  place  below  this  concentration.  From  the 
well  known  behavior  of  mercury  salts  there  can  be  no  hesitation 
in  concluding  that  a  saturated  solution  of  cadmium  sulphate  hydro- 
lyzes  mercurous  sulphate.  It  is  also  evident  that  this  change  in  the 
solubility  curve  of  mercurous  sulphate  cannot  be  due  to  the  cadmium 
sulphate  since  the  solubility  curve  of  this  salt  in  the  system  increased 
uniformly  with  decreasing  acid  concentration  without  a  suggestion 
of  discontinuity  at  .08  mole  of  sulphuric  acid. 

When  mercurous  sulphate  comes  into  a  cadmium  sulphate  solu- 
tion it  begins  to  dissolve  and  to  hydrolyze  and  instead  of  the  mer- 
cury concentration  in  the  solution  becoming  constant  when  the 
system  is  saturated  in  respect  to  mercurous  sulphate,  this  concen- 
tration keeps  on  increasing  as  the  slow  hydrolysis  yields  basic  salt 
and  acid.  In  time  the  solution  becomes  saturated  in  respect  to  this 
basic  salt  which  then  appears  as  a  solid  phase.  But  the  hydrolysis 
will  not^stop  until  the  acid  formed  by  the  reaction  has  reached 
the  equilibrium  concentration  of  .08  mole  in  a  liter.  Now  the 
basic  salt  has  a  very  small  solubility,  less  than  the  normal  salt 
which  is  only  .03214  mole  in  a  liter,  so  the  acid  concentration  is 


Digitized  by 


Google 


No.  5. J  STASDARD   CELLS,  355 

very  far  from  the  equilibrium  concentration  when  the  basic  salt 
appears  as  a  solid.  This  state  of  affairs  at  once  explains  the  seem- 
ingly abnormal  behavior  of  the  cells  in  which  mixtures  of  basic  and 
normal  salts  were  used  as  depolarizers.^  It  was  expected  that  any 
mixture  of  basic  and  normal  salt  which  contained  an  excess  of  both 
salts,  would  give  a  definite  concentration  of  mercury  for  each  tem- 
perature and  thus  a  definite  reproducible  value  to  the  cells.  But 
they  did  not  agree  and  all  showed  a  decreasing  E.M.F.  indicating  that 
the  cathode  systems  were  not  in  equilibrium.  The  explanation  that 
seemed  most  probable  at  that  time  was  as  follows :  Since  the  basic 
salt  added  to  the  system  had  been  formed  by  the  action  of  water  on 
mercurous  sulphate,  it  was  possibly  not  the  same  as  that  formed  in 
a  cadmium  sulphate  solution  and  was  therefore  ineffective  in  stopping 
the  hydrolysis.  Now  it  appears  that  the  basic  salt  was  quite  incap- 
able of  stopping  the  hydrolysis  and  since  the  necessary  acid  concen- 
tration was  lacking  the  behavior  of  these  cells  is  readily  understood. 
Cox  ^  concluded  that  there  is  but  one  basic  mercurous  sulphate  and 
the  behavior  of  these  cells  may  now  be  brought  into  harmony  with 
this  view.  We  may  then  write  the  reaction  as  follows  :  2HgjSO^ 
+  2H,0  =  Hgj(OH)2Hg2SO^  -h  H^SO^  and  it  is  possible  to  get  some 
idea  of  the  extent  of  this  hydrolysis  in  the  rotation  experiments.  In 
none  of  these  experiments  was  the  maximum  mercury  concentra- 
tion, the  point  of  saturation  of  normal  and  basic  salt,  attained 
so  we  may  conclude  that  the  basic  salt  formed  remained  in  solution, 
and  the  increase  in  the  mercur}'^  concentration  during  the  rotation 
was  a  measure  of  the  amount  of  hydrolysis.  In  experiment  9,  the 
analysis  showed  .003047  mole  of  mercurous  sulphate  in  a  liter 
while  the  normal  solubility  of  mercurous  sulphate  in  a  cadmium 
sulphate  solution  may  be  taken  to  be  .00214  mole  in  a  liter,  as  seen 
from  curve  /,  Fig.  3.  The  difference,  .0009  mole,  represents  the 
amount  of  hydrolysis  and,  according  to  the  reaction,  a  mole  of 
mercurous  sulphate  gives  only  .5  mole  of  sulphuric  acid  on  hydro- 
lyzing  so  the  acid  concentration  in  this  system  was  only  .00045  niole 
of  sulphuric  acid  in  a  liter,  an  amount  that  could  readily  escape 
detection  by  any  ordinary  means  and   we  see   at  once  why  the 

»Phys.  Rev.,  22,  328. 
>Zeit  anorg.  Chem.,  40,  178. 
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attempts  to  find  add  in  the  rotated  systems  or  old  cells  have  failed. 
Attention  is  called  to  the  small  amount  of  this  hydrolysis  in  a  cad- 
mium sulphate  solution,  even  under  the  most  favorable  conditions 
the  reaction  had  only  produced  .ocx)45  mole  of  sulphuric  add  in  three 
weeks  where  .08  was  required  before  equilibrium  was  estabUshed. 
This  0.009  mole  in  a  liter  represents  the  total  change  in  three  weeks 
in  the  rotated  system,  but  if  the  reaction  was  largely  at  the  mercury 
surface  the  rate  may  have  been  fairly  rapid  at  that  point,  and  there 
are  good  reasons  for  this  assumption. 

Lord  Rayleigh  in  1 884  suggested  that  impurities  in  the  mercu- 
rous  sulphate  used  as  depolarizer  were  responsible  for  observed  varia- 
tions in  the  E.M.F.  of  Clark  cells  and  this  was  later  emphasized  by 
Swinburn,*  while  Jaeger  and  Lindeck^  came  to  the  same  conclusions 
about  the  cause  of  the  variations  in  the  E.M.F.  of  cadmium  cells,  but 
there  was  no  suggestion  as  to  the  nature  of  the  suspected  impurity. 
Some  idea  as  to  the  nature  of  the  impurity  was  first  had  when  pre- 
cautions were  taken  to  avoid  the  formation  of  basic  mercurous  sul- 
phate in  preparing  the  depolarizer  and  when  the  specifications  for 
making  the  cells  were  altered  so  as  to  avoid  hydrolyzing  the  mer- 
curous sulphate  in  making  the  paste.  Then  it  was  found  that  the 
cells  had  a  much  greater  reproducibility  and  especially  that  the 
high  preliminary  values  and  subsequent  decrease  in  E.M.F.,  char- 
acteristic of  cells  constructed  in  the  old  way,  had  disappeared. 
These  results  pointed  to  the  basic  salt  and  hydrolysis  as  the  dis- 
turbing elements.  The  first  cells  constructed  according  to  these 
principles  were  the  four  (Z?)  cadmium  cells  made  in  December, 
1 903 1  and  described,  together  with  the  method  of  construction,  in  a 
paper  by  Carhart  and  Hulett  read  at  the  Washington  meeting  of  the 
American  Electrochemical  Society,  April,  1904.*  In  February,  1904, 
twelve  {F)  cells  were  made  and  the  agreement  among  themselves 
and  with  the  {D)  cells  indicated  a  reproducibility  of  one  part  in 
100,000;  but  in  time  deviations  in  the  values  of  these  cells  were 
observed  and  in  October,  190 5,  more  cells  were  made  according  to 
the  same  specifications  but  they  had  an  E.M.F.  about  one  part  in 

*  Brit.  Association  Report,  1901. 
^Zeit.  Instrk.,  21,  33. 

'See  also  Trans.  Amer.  Electrochem.  Soc,  5,  59.  Trans.  International  Electrical 
Congress,  St.  Louis,  Vol.  2,  109-126.      Zeit.  Phys.  Chem.,  49,  483. 


Digitized  by 


Google 


No.  5. J  STANDARD   CELLS.  357 

10,000  greater  than  the  older  D  and  F  cells.  Some  120  cadmium 
cells  have  been  made  at  intervals  during  the  last  five  years  and  they 
have  all  been  kept  together  in  an  oil  bath  which  has  very  seldom 
varied  .01  °  from  25  °.  Some,  like  the  D  and  F  cells,  showed  a  slow 
decrease,  others  have  remained  constant  and  again  others  have  shown 
a  marked  and  steadily  decreasing  value  and  have  become  so  low  that 
they  have  been  rejected  as  entirely  worthless.  Considering  only 
the  cells  which  have  not  been  rejected  a  comparison  at  the  present 
time  shows  values  ranging  from  1.01843  to  1.01827  volts,  the  older 
ones  being  the  lowest.  Cells  have  been  made  at  the  Bureau  of 
Standards  *  and  at  the  National  Physical  Laboratory  *  according  to 
the  principles  just  indicated.  Some  of  the  cells  described  by  F.  E. 
Smith*  show  unmistakably  this  decreasing  E.M.F.  and  the  author 
was  unable  to  assign  a  reason  for  the  observed  changes,  but  noticed 
discoloralions  in  the  paste  of  some  of  these  "  abnormal "  cells,  a 
phenomenon  which  has  appeared  in  some  of  our  cells  which  have 
fallen  to  a  very  low  value. 

In  interpreting  the  observed  decrease  in  the  E.M.F.  of  these 
cadmium  cells  account  must  be  taken  of  the  conditions  in  the  cell. 
The  viscous  solution  and  fine-grained  paste  so  retard  diffusion  and 
convection  that  concentration  differences  persist  and  play  a  decided 
role.  It  is  the  layer  of  solution  immediately  next  to  the  mercury- 
electrode  and  its  mercury  concentration  that  determines  the  potential 
difference  in  the  cathode  leg.  That  this  layer  in  the  cadmium  cell 
is  different  from  the  rest  of  the  electrolyte  in  the  cathode  leg  is 
shown  by  the  rotation  experiments.  When  the  system  was  rotated 
the  solution  became  of  uniform  concentration  throughout  and  the 
E.M.F.  observed  immediately  on  stopping  the  rotation  gave  the 
potential  difference  between  mercury  and  the  solution,  but  as  soon 
as  the  **  paste  "  settled  down  on  the  mercury  the  potential  difference 
began  to  decrease,  rapidly  at  first  and  then  more  slowly.  The  clear 
supernatant  liquid  however  when  brought  onto  a  clean  mercury 
electrode  still  continued  to  show  the  original  high  potential  differ- 
ence against  mercury*  and  thus  it  was  seen  that  only  the  mercury 
concentration  in  the  surface  layer  had  changed. 

1  Bull.  Bureau  of  Standards,  4,  i. 
'Pbilos.  Trans.,  A,  207,  400. 
'L.  c,  400. 
*Phys.  Rev.,  25,  27. 
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All  of  these  facts  may  now  be  readily  interpreted  by  making  a 
a  single  assumption,  namely,  that  the  rate  of  hydrolysis  of  mercurous 
sulphate  is  accelerated  by  a  plain  mercury  surface.  Basic  salt  and 
acid  would  then  form  more  rapidly  in  the  surface  layer  than  in  the 
rest  of  the  electrolyte  and,  owing  to  the  difficulty  of  diffusion  from 
this  layer,  it  would  rapidly  become  saturated  and  begin  to  deposit 
the  basic  salt  and,  with  the  increasing  acid  concentration  in  the 
surface  layer,  the  mercury  concentration  passed  at  once  into  the 
descending  part  of  curve  /,  Fig.  3. 

Thus  it  is  that  only  decreasing  electromotive  forces  are  observed 
in  the  cadmium  cell.  In  the  rotated  system  the  high  values 
obtained  began  to  decrease  as  soon  as  the  solids  settled  down  on 
the  mercury  and  retarded  the  diffusion  of  the  acid  from  the  surface 
layer,  and  this  layer  came  at  once  into  the  descending  part  of  the 
curve.  Stirring  the  paste  immediately  brought  back  the  high 
E.M.F.  and  the  true  potential  between  the  mercury  and  the  system. 
When  hydrolysis  was  prevented  by  the  presence  of  sufficient  acid 
these  changes  entirely  disappeared  from  the  cell  and  the  rotated 
system  and  this  fact  has  defeated  all  attempts  to  explain  the  phe- 
nomena from  the  standpoint  of  oxidation  and  reduction  or  as  due 
to  surface  tension. 

The  normal  solubility  of  mercurous  sulphate  in  a  cadmium  sul- 
phate solution  was  found  to  be  .00214  mole  in  a  liter  and  no  doubt 
the  solution  in  the  paste  contains  a  somewhat  greater  concentration 
than  this.  When  saturated  with  both  normal  and  basic  salt  the 
concentration  is  not  far  from  .004  mole  of  mercurous  mercury  in  a 
liter,  so  it  is  seen  that  the  surface  layer  has  only  a  short  distance, 
in  quantity,  to  go  to  enter  the  descending  part  of  the  curve  and  the 
decrease  then  depends  on  the  amount  of  the  acid  generated  in  the 
surface  layer  and  the  effectiveness  of  the  paste  in  preventing  its  dif- 
fusion. It  is  at  once  seen  that  diffusion  will  not  cease  until  the 
whole  system  has  reached  the  equilibrium  concentration  of  .08  mole 
of  sulphuric  acid  in  a  liter  and  as  this  does  not  take  place  even 
under  favorable  conditions,  hydrolysis  does  not  cease  and  the  basic 
salt  continues  to  form  at  the  expense  of  the  normal  salt.  This 
change  continues  until  the  normal  salt  has  all  disappeared  from  the 
vicinity  of  the  electrode  and  there  is  the  tendency  of  the  surface 
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layer  to  approach  the  very  low  mercury  concentration  due  to  the 
basic  salt,  although  there  is  still  plenty  of  normal  salt  in  the  paste. 
Furthermore  there  is  evidence  that  the  basic  salt  Hg,(OH)2Hg2SO^ 
does  not  remain  intact/  but  suffers  further  hydrolysis  to  mercurous 
oxide  and  acid.  The  mercurous  oxide  is  very  unstable  and  in 
decomposing  furnishes  the  conditions  for  the  formation  of  the  very 
insoluble  basic  mercunV  sulphate,  a  bright  yellow  compound.  The 
yellow  coloration,  noted  by  Smith  *  and  confirmed  by  the  appear- 
ance of  some  of  our  cells  which  have  gone  to  a  very  low  value,  we 
have  taken  to  indicate  the  presence  of  this  basic  mercuric  sulphate. 
The  basic  mercur^«^  sulphate  is  colorless  or  gray.*  It  is  quite 
within  the  possibilities  that  these  insoluble  basic  sulphates  separate 
out  as  incrustations  on  the  mercurous  sulphate  and  cadmium  sul- 
phate crystals  in  the  vicinity  of  the  electrode  and  in  this  way  decid- 
edly effect  equilibrium  conditions  controlled  by  these  salts.  It  is 
true  that  only  a  certain  per  cent,  of  cadmium  cells  fall  to  the  very 
low  values,  although  the  number  increases  with  the  age  of  the  cells. 
It  is  not  surprising  that  the  phenomenon  does  not  appear  in  all 
cells,  no  more  so  than  the  fact  that  supersaturated  solutions,  as 
near  alike  as  we  can  make  them,  do  not  all  crystallize.  The  cause 
is  possibly  the  same  in  both  cases,  as  the  basic  salt  need  not  appear 
as  a  solid  phase  until  the  solution  is  supersaturated  in  respect  to  it. 
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Some  cells  made  in  1904  now  become  of  interest.     In  order  to 
make  cells  with  a  lower  internal  resistance  a  coarse-grained  paste 

» Zcit  Phys.  Chem.,  49,  491. 
*  Trans.  Roy.  Soc.,  A,  207,  407. 
«  Zeit.  Phys.  Chem.,  49,  491. 
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only  3  or  4  mm.  deep  was  used.  The  mercurous  sulphate  was 
formed  electrolytically  on  a  large  mercury  anode  in  sulphuric  acid 
and  with  the  low  current  density  used  these  cry.stals  were  several 
days  in  forming.  Ten  of  these  (A^)  cells  were  made  on  November 
29,  1904,  and  their  record  for  the  first  four  months  follows: 
These  cells  were  found  to  be  in  excellent  agreement  after  two 
weeks,  but  soon  began  to  show  irregularities  and  in  four  months 
were  so  irregular  and  low  that  observations  were  discontinued  on 
all  but  N9  and  Nio. 
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It  is  interesting  to  notice  that  the  first  comparison  of  these  cells 
soon  after  they  were  made  showed  values,  if  anything,  slightly 
higher  than  the  *'  normal  **  value  of  the  cadmium  cell,  so  it  is  to  be 
concluded  that  coarse  crystals  and  a  small  amount  of  them  in  the 
paste  were  nevertheless  able  to  saturate  the  solution  in  a  compara- 
tively short  time,  but  the  conditions  were  very  favorable  for  diffusion 
to  take  place  and  for  the  changes  just  outlined  to  come  into  play 
with  the  results  we  would  now  expect.  It  was  the  behavior  of 
these  cells  particularly  that  suggested  that  attention  was  to  be  given 
to  the  depth  of  the  paste  in  the  cadmium  cell.^ 

H.  V.  Steinwehr'  found,  by  grinding  the  mercurous  sulphate  to 
a  fine  powder,  that  an  increased  potential  was  produced  against 
mercury  in  a  cadmium  sulphate  solution  and  he  at  once  concluded 
that  all  variations  of  standard  cells  were  due  to  the  size  of  grains  of 
the  depolarizer.  V.  Steinwehr  then  prepared  a  large-grained  mer- 
curous sulphate  and  selected  crystals  of  a  uniform  size,  but  the 
cells  were  irregular  and  inconstant  and  the  author  attributed  their 
behavior  to  the  little  crystals  which  grew  on  the  larger  ones.  From 
the  facts  now  at  hand  it  is  to  be  concluded  that  surface  tension  had 
very  little  to  do  with  V.  Steinwehr's  experiments.  Not  only  is  the 
effect  of  size  of  particles  not  to  be  feared  in  constructing  the  cad- 

iPHYs.  Rev.,  23,  174. 

'Z.  f.  Instrmentenk.,  25,  205,  and  Z.  Elektrochem.,  1906,  578. 
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mium  cell,  but  it  may  be  concluded  that  a  rather  fine-grained  paste 
of  good  depth  would  give  the  most  constant  results  in  the  cadmium 
cell.  The  old  way  of  washing  the  mercurous  sulphate  with  water 
made  for  constancy  in  this  system  as  the  wash  water,  which  was 
acid,  was  not  entirely  removed  in  making  the  paste.  That  such 
cells  do  remain  constant  is  shown  by  the  results  just  published  by 
Professor  Carhart^  on  his  {B)  cells  which  were  made  in  1903  and 
have  been  constant  for  over  four  years.  Reproducibility  could  be 
obtained  by  preparing  the  mercurous  sulphate  in  a  definite  way  and 
with  a  fine-grained  preparation  made  to  a  paste  in  the  old  way  the 
cadmium  cells  would  not  show  the  changes  now  encountered.  It 
is  questionable  whether  the  new  method  of  construction  gives  a 
sufficiently  greater  reproducibility  to  the  cadmium  cell  to  justify  the 
attempt  to  exclude  the  basic  salt  from  the  depolarizer.  If  the  basic 
salt  is  formed  in  the  cell  after  it  is  constructed  there  is  no  point  to 
many  of  the  precautions  now  taken. 

Starting  with  mercury,  mercurous  sulphate  and  a  cadmium  sul- 
phate solution  there  is  little  hope  of  bringing  the  system  to  equi- 
librium as  was  shown  by  the  rotation  experiments  and  subsequent 
analyses.  The  equilibrium  might  be  approached  from  the  other 
side  if  we  could  start  with  the  components  of  this  system :  Hg, 
HggO,  CdSO.fHjO,  SO3  and  H^O  — butthe  instability  of  the  mer- 
curous oxide  excludes  this  possibility.  A  knowledge  of  the  equi- 
librium conditions  of  this  system  has  suggested  still  one  further  pos- 
sibility: we  may  start  with  a  sufficiently  acid  solution  of  cadmium 
sulphate  to  entirely  prevent  hydrolysis  of  the  mercurous  sulphate 
and  then  the  system  rapidly  comes  to  equilibrium — it  is  then  a  non- 
variant  system  when  the  temperature  is  fixed  and  does  not  show  the 
changes  of  the  cadmium  cell.  Some  30  of  these  "  acid  "  cells  have 
been  made  during  the  last  three  years  but  the  latest  results  show 
that  the  acid  concentration  was  too  small  but  none  of  them  have 
shown  a  tendency  to  decrease.  One  cell  was  made  in  October, 
1905,  with  .2  molar  sulphuric  acid  and  has  shown  a  constant  value 
of  1. 01 792  volts.  It  has  not  varied  over  .00003  volt  at  any  time 
during  the  three  years  ;  at  present  its  value  is  i. 01 793.  The  only 
defect  so  far  noticed  in  these  cells  is  a  tendency  of  the  amalgam  to 

*Phys.  Rev.,  26,  124. 
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slowly  generate  hydrogen,  about  as  much  as  the  zinc  amalgam 
does  in  the  Clark  cell.  There  appears  to  be  no  way  of  keeping  the 
acid  concentration  automatically  fixed  but  this  may  not  be  necessary 
as  the  cells  show  no  definite  evidence  of  increasing  E.M.F.  which 
would  result  from  decreasing  acid  concentration.  In  these  acid 
cells  a  decrease  of  .004  mole  in  a  liter  of  the  acid  concentration 
would  be  needed  to  increase  the  E.M.F.  .00001  volt.  These  acid 
cells  deserve  further  investigation  for  it  is  evident  that  the  action  of 
the  amalgam  on  the  acid  solution  s  a  very  slow  one  and  the  device 
of  using  an  acid  solution  for  the  unsaturated  secondary  standards 
has  given  most  satisfactory  results.^ 

The  results  obtained  from  the  experiments  (10,  1 1,  12  and  13) 
with  the  cathode  system  of  the  Clark  cell  are  plotted  in  Fig.  3, 
curve  //,  and  it  is  seen  that  there  is  an  entirely  different  state  of 
affairs  in  this  cell.  The  mercury  concentration  in  the  Clark  system 
to  which  no  acid  was  added  represents  a  solubility  only  slightly 
greater  than  that  indicated  by  the  exterpolated  curve  from  the 
results  with  the  Clark  systems  with  acid.  The  results  embodied 
in  curves  /  and  //,  Fig.  3,  independently  confirm  the  rotation 
experiments  and  justify  the  conclusions  that  were  drawn  from  those 
experiments  ;  namely,  that  a  cadmium  sulphate  solution  hydrolyzes 
mercurous  sulphate  while  a  zinc  sulphate  solution  does  not.  Now 
hydrolysis  is  of  very  common  occurrence  and  need  not  necessarily 
affect  either  the  reproducibility  or  constancy  of  a  cell  but  in  the  case  of 
the  cadmium  cell  the  hydrolysis  establishes  a  state  of  unstable  equi- 
librium and  so  sooner  or  later,  depending  upon  circumstances, 
changes  appear  and  it  is  to  be  concluded  that  we  are  dealing  with  a 
non-reversible  electrode,  a  point  that  has  now  been  pretty  thor- 
oughly tested. 

Reversibility  of  the  Cathode  Systems.  —  In  1905  an  attempt  was 
made  to  make  mercurous  sulphate  electolytically  in  a  saturated 
cadmium  sulphate  solution  instead  of  in  sulphuric  acid.  It  was 
expected  that  this  method  would  obviate  many  of  the  troublesome 
operations  of  making  the  paste  and  produce  a  product  which  would 
necessarily  be  in  equilibrium  with  a  cadmium  sulphate  solution. 
But  the  cells  made  up  with  these  preparations  as  depolarizers  had  a 

iPHYS.  Rev.,  27,  33. 
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high  value  and  did  not  remain  constant  but  decreased  as  may  be 
seen  from  the  published  results  ^  and  it  may  be  added  that  they 
have  since  decreased.  These  results  were  most  puzzling  at  the 
time,  they  showed  that  with  rapid  stirring  and  a  low  current  density 
the  mercurous  sulphate  formed  at  a  mercury  anode  in  a  saturated 
cadmium  sulphate  solution  was  not  in  equilibrium  with  the  solution 
and  the  reaction  was  not  a  reversible  one  while  all  the  experiments 
with  the  Clark  cell  indicate  that  its  cathode  system  was  reversible. 
An  attempt  has  been  made  to  directly  compare  the  two  cells  from 
the  standpoint  of  reversibility.  Both  Clark  and  cadmium  cells 
were  made  without  depolarizers,  that  is,  the  mercury  cathode  was 
covered  with  coarsely  crushed  zinc  sulphate  crystals  and  the  sat- 
urated solution,  while  the  anode  was  of  the  usual  construction. 
The  cadmium  cells  were  made  in  the  same  way  and  were  of  the  same 
pattern  and  dimensions.  These  cells  were  fastened  to  a  motor- 
driven  shaker  so  regulated  that  the  mercury  of  the  cathode  and  the 
materials  above  it  were  in  constant  and  uniform  motion,  then  these 
cells  were  all  charged  with  the  same  current,  .020  amp.  to  a  cm.* 
mercury  surface.  The  mercurous  sulphate  formed  soon  saturated 
the  solution  and  then  separated  as  a  solid  and  was  mixed  with  the 
crystals  of  zinc  or  cadmium  sulphate.  The  motion  and  low  current 
density  offered  favorable  conditions  for  forming  the  normal  sulphate, 
after  about  .100  mg.  had  formed  in  each  cell,  the  charging  current 
was  broken  and  the  cells  placed  in  the  25°  bath.  The  paste  formed 
in  this  way  was  white  in  color  and  about  4  mm.  deep.  Two  cadmium 
cells  were  made  together  in  series,  WNi  and  WA ;  the  first  was 
neutral  while  WA  had  been  made  up  with  .  i  molar  sulphuric  acid. 
Later  WN2,  a  neutral  cadmium  cell,  was  made  in  the  same  way, 
and  the  two  Clark  cells.  Si  and  SH  were  made  up  without  add  and 
then  the  depolarizer  formed  in  the  cell  as  indicated. 

The  two  cadmium  cells  with  neutral  solutions,  WNi  and  WN2, 
were  very  high  at  first  and  steadily  decreased  and  are  still  decreas- 
ing. There  was  no  suggestion  of  stopping  at  the  "  normal "  value 
of  the  cadmium  cell  which  is  1.01840  at  25®  and  this  emphasizes 
the  conclusions  to  be  drawn  from  the  rotation  experiments,  that  this 
value  1. 01 840  is  the  value  the  cells  have  when  put  up  in  a  particu- 

»Phys.  Rkv.,  23,  175. 
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lar  way  and  is  not  an  equilibrium  value.  (After  the  observations 
of  June  6  the  pastes  in  these  cells  were  stirred  by  shaking  the  cell 
and  WN2  particularly  at  once  increased  but  only  to  subsequently 
decrease.)  The  behavior  of  WA,  the  cell  made  with  .  i  molar  sul- 
phuric acid,  is  quite  different;  it  had  a  high  preliminary  value  indi- 
cating that  some  basic  salt  was  formed  and  the  E.M.F.  decreased 
but  came  to  a  constant  value  at  about  1.01830,  which  is  about  the 
equilibrium  value  for  cells  with  this  amount  of  acid.  The  Clark 
cells,  Si  and  SH,  have  been  quite  constant  and  the  differences 
between  the  Clark  and  cadmium  cells  is  as  marked  here  as  in  the 
rotation  experiments.  These  results  with  the  acid  cadmium  cell 
and  Clark  cells  suggest  that  it  may  be  possible  to  construct  these 
cells  and  form  the  depolarizer  electrolytically  in  the  cell  after  they 
are  set  up  and  this  would  entirely  avoid  the  troublesome  manipula- 
tions and  uncertainties  incident  to  preparing  the  mercurous  sulphate 
and  paste. 


Cell. 

Date. 

Jan.  6. 

Jan.  9. 

Jan.  ao. 

Feb.  6. 

Feb.  x8. 

Mar.  5. 

WNl 

Jan.    5 

1.01992 

1.01974 

1.01926 

1.01861 

1.01827 

1.01755 

WN2 

Mar.  12 

WA 

Jan.   5     1.01903 

1.01883 

1.01873 

1.01826 

1.01828 

1.01828 

SI 

1.42082 

1.42084 

1.02086 

SII 

80 

88 

89 

Mar.  1. 


1.01675 
1.01890 

1.42080 
88 


Cell. 

WNl 
WN2 
WA 

SI 
SH 


Date. 

Apr.  8. 

Maya. 

June  6. 

June  30. 

July  14. 

Jan.    5 

1.01190 

1.9705 

1.9644 

.9531 

.9255 

Mar.  12 

1.01863 

1.01848 

1.01770 

1.01813 

1.01757 

Jan.    5 

1.01821 

1.01829 

1.01831 

1.01851 

1.01854 

1.42080 

1.42077 

1.42071 

1.42080 

1.42072 

87 

86 

79 

79 

71 

Aug.  18. 

1.01611 

1.01859 

1.42068 

70 


The  Clark  Cell.  —  The  Clark  cell  has  been  subjected  to  most 
searching  tests  in  the  investigations  on  standard  cells  and  it  is  to  be 
noted  that  the  rotated  cathode  system  showed  variations  of  from 
.00005  to  .00010  volt  and  that  the  E.M.F.  of  the  rotated  system 
was  always  slightly  greater  than  that  of  the  adjustable  cell  which 
contained  the  same  materials.  The  analysis  of  the  liquid  of  the 
rotated  system  showed  .837  g.  mercurous  sulphate  in  a  liter  of  the 
solution  while  the  curve  //,  Fig.  3,  gives  as  the  solubility  of  normal 
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mercurous  sulphate  in  the  cathode  system  of  the  Clark  cell  at  25°, 
.00166  mole  or  .8234  g.  in  a  liter,  a  measurably  lower  value.  Also 
the  cells  just  described,  Si  and  SH,  where  the  mercurous  sulphate 
was  made  electrolytically  in  the  cell,  are  not  quite  normal  as  the 
E.M.F.  is  noticeably  higher  than  the  normal  value  for  25°  which  is 
for  the  Clark  cell  1.42040  volts.  These  deviations  are  all  in  the  same 
direction  and  suggest  that  a  zinc  sulphate  solution  does  not  entirely 
prevent  a  mercurous  sulphate  from  hydrolyzing,  but  this  is  probably 
so  slight  that  equilibrium  conditions  are  established  before  there  is 
a  separation  of  the  basic  salt,  for  the  severe  tests  to  which  this  cell 
has  been  subjected  lead  to  the  conclusion  that  this  cathode  system 
does  come  to  equilibrium  and  is  essentially  reversible.  The  com- 
ponents of  this  system  may  then  be  taken  as  mercury,  mercurous 
sulphate,  zinc  sulphate  and  water  —  and  at  a  given  temperature  it  is 
non-variant.  But  we  cannot  take  the  corresponding  substances  as 
components  for  the  cadmium  cell  cathode  system,  for,  when  the 
hydrolysis  is  sufficient  to  produce  the  basic  salt  as  a  solid  phase  and 
the  acid  remains  in  solution,  it  diffuses  to  the  anode;  then  these  sub- 
stances are  no  longer  in  stoichiometrical  relations  in  the  system,  and 
so  the  products  of  hydrolysis  must  be  taken  as  components  and  the 
final  product  due  to  the  interaction  with  water  in  the  mercurous 
oxide,  which  is  unstable  and  the  reaction  is  not  reversible.  So  there 
seems  little  hope  of  obtaining  equilibrium  with  this  system  unless  acid 
is  added  to  it,  and  there  probably  would  not  be  the  possibility  of 
equilibrium  in  the  Clark  cell  if  the  basic  salt  appeared  as  a  solid. 

The  first  Clark  cells  which  were  constructed  with  attention  to 
excluding  the  basic  salt  from  the  depolarizer  were  the  twelve  {H) 
cells  made  on  March  15,  1904,  and  at  intervals  since  then  cells 
have  been  made  according  to  the  same  principles.  At  the  present 
time  these  cells  show  no  deviations  greater  than  one  part  in  50,000 
and  this  is  the  best  of  evidence  that  these  Clark  cells  furnish  a  con- 
stant and  reproducible  basis  of  electromotive  force.  Their  value  has 
been  assumed  to  be  1.42040  volts  at  25°  and  they  have  been  the 
standard  of  reference  for  all  previous  E.M.F.  measurements.  The 
temperature  coefficient  of  the  Clark  cell  is  about  a  millivolt  per 
degree  and  this  was  a  real  objection  to  the  cell  before  the  introduc- 
tion of  thermostats  and  was  the  chief  reason  for  the  popularity  ot 
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the  cadmium  cell  with  its  much  lower  temperature  coefficient,  but 
for  the  exact  measurements  of  the  present  day  a  thermostat  is  nec- 
essary for  any  but  the  Weston  secondary  cell.  The  thermostat 
used  for  this  work  is  reliable  to  .01°  and  such  variations  indicate  an 
uncertainty  of  less  than  one  part  in  ioo,cxx)  of  the  E.M.F.  of  the 
Clark  cell.  The  tendency  of  the  glass  to  crack,  where  the  amalgam 
contact  wire  is  sealed  in,  has  appeared  in  the  older  cells  and  made 
it  necessary  to  reject  many  of  them ;  this  and  other  points  in  the 
construction  of  Clark  cells  may  best  be  considered  in  a  separate 
article. 

Princeton  University, 
August,  1908. 
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STUDIES   IN   LUMINESCENCE. 
By  Edward  L.  Nichols  and   Ernest  Merritt. 

X.  The  Phenomena  of   Phosphorescence  Considered  from 
THE  Standpoint  of  the  Dissociation  Theory.^ 

By  Ernest  Merritt. 

IN  an  important  paper  on  luminescence  published  in  1895  Wiede- 
mann and  Schmidt  *  have  suggested  that  in  many  instances, 
notably  in  the  case  of  solid  solutions,  the  effect  of  light,  or  of  other 
exciting  agents,  is  to  produce  electrolytic  dissociation  of  the  dissolved 
active  substance,  and  that  the  light  emitted  during  luminescence  is 
to  be  explained  as  the  result  of  the  molecular  vibrations  which  oc- 
cur either  during  the  process  of  dissociation  or  when  the  ions  re- 
combine.  Wiedemann  and  Schmidt  discussed  the  various  types  of 
luminescence  in  considerable  detail  and  showed  that  the  theory  pro- 
posed by  them  will  account  for  the  phenomena,  at  least  qualitatively, 
in  a  very  satisfactory  way. 

In  one  of  the  previous  papers  of  this  series  it  was  pointed  out 
that  this  theory  leads  to  a  simple  explanation  of  Stokes'  Law,'  which 
has  usually  proved  a  stumbling  block  in  the  development  of  theories 
of  luminescence ;  and  some  progress  was  also  made  toward  the  de- 
velopment of  a  quantitative  theory  of  phosphorescence  on  the  basis 
of  the  dissociation  hypothesis. 

In  view  of  what  has  already  been  accomplished  by  the  theory  of 
Wiedemann  and  Schmidt  it  appears  to  the  writer  that  this  theory  is 
by  far  the  most  promising  of  those  that  have  yet  been  proposed. 
In  discussing  the  theoretical  significance  of  the  observations  on 
phosphoresence  described  in  the  preceding  papers  of  this  series,  it 
has  therefore  seemed  advisable  to  use  this  theory  as  a  basis. 

The  present  paper  is  devoted  chiefly  to  a  discussion  of  the  theory 
of  phosphorescence.  No  attempt  will  be  made  to  develop  a  com- 
plete theory.     It  is  intended  rather  to  consider  in  turn  the  various 

^  The  ninth  paper  of  this  series,  whose  publication  has  been  unavoidably  delayed, 
will  appear  in  the  near  future. 

*Ann.  der  Phys.,  Vol.  56,  p.  177,  1895. 

*  Nichols  and  Merritt,  Phys.  Rev.,  Vol.  22,  p.  279,  1906. 
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factors  which  may  have  an  influence  on  the  phenomena,  and  to 
determine  so  far  as  possible  the  nature  of  this  influence.  Compari- 
son with  experimental  results  will  then  make  it  possible  to  form  an 
opinion  of  the  relative  importance  of  the  various  factors  considered. 
It  will  facilitate  the  discussion  if  we  consider  first  the  requirements 
which  a  satisfactory  theory  must  meet.  The  most  important  experi- 
mental results  in  the  case  of  photoluminescence  are  briefly  men- 
tioned below. 

Summary  of  Experimental  Laws. 

1.  Stokes'  Law. 

2.  If  we  isolate  a  single  band  of  the  luminescence  spectrum  it  is 
found  that  the  distribution  of  intensity  throughout  the  band  is  inde- 
pendent of  the  intensity   and  wave-length  of  the  exciting  light* 

3.  The  light  emitted  during  the  luminescence  of  an  isotropic  sub- 
stance is  unpolarized,  whatever  may  be  the  condition  of  polarization 
of  the  exciting  light. 

4.  During  the  decay  of  phosphorescence  each  band  of  the  lumin- 
escence spectrum  behaves  as  a  unit;  i,  e,,  the  wave-length  of  maxi- 
mum intensity  and  the  relative  distribution  of  intensity  throughout 
the  band  remain  unchanged.* 

The  theoretical  aspect  of  these  general  laws  was  discussed  in  the 
sixth  paper  of  this  series,'  and  it  was  then  pointed  out  that  the  laws 
are  directly  deducible  from  the  dissociation  theory. 

To  these  four  general  laws  must  be  added  the  following  experi- 
mental facts  connected  with  the  decay  of  phosphoresence  :  * 

5.  Form  of  Decay  Curve. — The  curve  obtained  by  plotting  the 
values  of  /*"*  as  ordinates  and  the  corresponding  values  of  /  as 
abscissas  is  a  straight  line  for  small  values  of  / ;  it  changes  to  a 
curve  concave  towards  the  axis  of  /  as  /  increases ;  but  for  still 
larger  values  of  /  the  relation  between  /"*  and  /  is  again  linear,  and 
remains  so  until  /  becomes  too  small  to  measure.  In  other  words 
the  decay  curve  is  dependent  on  the  intensity  and  duration  of  ex- 

^  This  law,  first  enunciated  by  I^mmel,  is  discussed  in  the  second  and  third  articles 
of  this  series.     See  Phys.  Rkv.,  Vol.  18,  p.  403,  and  Vol.  19,  p.  f8. 

*  Nichols  and  Merritt,  Phys.  Rev.,  Vol,  21,  p.  247. 
'•Phys.  Rev.,  Vol  22,  p.  279. 

*  Nichols  and  Merritt,  Phys.  Rev.,  Vol.  22,  p.  279  ;  Vol.  23,  p.  37  ;  Vol.  25,  p.  362. 
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citation.  The  slant  is  altered  in  each  of  the  straight  parts  by  a 
change  in  either  of  these  two  factors  in  the  excitation. 

6.  Hysteresis,  —  The  behavior  of  a  phosphorescent  substance  with 
a  given  excitation  depends  upon  its  previous  history.  Some  semi- 
permanent change  is  produced  by  excitation  which  persists  for 
several  hours,  or  even  for  several  days,  after  visible  phosphorescence 
has  ceased. 

7.  Effect  of  Red  and  Infra-red  Rays.  —  In  the  case  of  certain  sub- 
stances the  semi-permanent  condition  produced  by  excitation  may  be 
destroyed  and  the  material  restored  to  a  standard  state  by  a  brief 
exposure  to  the  red  and  infra-red  rays.  The  effect  of  the  longer 
waves  ^  during  phosphorescence  is  to  accelerate  the  decay.  In  some 
substances,  but  not  in  Sidot  blende,  the  first  effect  is  to  increase  the 
brightness  of  phosphorescence,  this  temporary  effect  being  followed 
by  decay  more  rapid  than  the  normal. 

Becquerel's  Explanation  of  the  Form  of  the  Decay  Curve. 
In  the  case  of  a  homogeneous  substance  free  from  any  disturb- 
ances due  to  absorption  and  diffusion  it  is  readily  shown  that  the 
decay  of  phosphorescence,  as  predicted  by  the  dissociation  theory, 
should  follow  the  law ' 

'-{a+btf 

where  /  is  the  intensity  of  phosphorescence  at  any  time  /  after  the 
end  of  excitation.  This  law,  first  proposed  as  an  empirical  relation  by 
E.  Becquerel,  has  also  been  derived  by  H.  Becquerel  on  the  basis 
of  an  entirely  different  theory.' 

The  decay  of  phosphorescence  in  gases  appears  to  be  strictly  in 
accordance  with  this  law.*  Under  certain  special  conditions  as  re- 
gards temperature,  etc.,  the  law  is  very  closely  obeyed  by  zinc  sul- 
phide *  and  even  by  Balmain's  paint*     But  in  the  great  majority  of 

>  Although  the  rays  that  produce  these  effects  are  generally  of  longer  wave-length 
than  the  rays  that  excite  luminescence,  this  is  not  always  the  case.  Several  exceptions 
are  cited  by  Dahms. 

•Nichols  and  Merritt,  Fhys.  Rev.,  Vol.  22,  p.  279,  1906. 

>  H.  Becquerel,  Compt.  Rend.,  Vol.  113,  p.  6t8,  1891. 
*C.  C.  Trowbridge,  Phys.  Rkv.,  Vol.  26,  p.  515,  1908. 
*C.  A.  Pierce,  Phys.  Rev.,  Vol.  26,  p.  312,  1908. 

•C.  A.  Pierce,  Phys.  Rev.,  Vol.  26,  p.  454,  1908. 
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instances  the  phosphorescence  of  solids  decays  in  accordance  with 
a  more  complicated  law.  As  stated  above  the  curve  obtained  by 
plotting  values  of  /*"*  as  ordinates  and  the  corresponding  values  of 
/  as  abscissas  is  not  linear  throughout,  as  the  simple  theory  would 
lead  us  to  expect.  The  curve  is  straight  both  for  small  values  of  / 
and  for  large  values  of  /,  but  shows  a  sharp  curvature  for  inter- 
mediate values. 

It  has  been  suggested  by  H.  Becquerel  that  this  form  of  curve  is 
to  be  accounted  for  by  assuming  that  the  phosphorescence 
spectrum  consists  of  two  bands,  each  of  which  obeys  the  simple 
law,  but  having  different  rates  of  decay.  If  a  decay  curve  is 
plotted  for  each  of  the  two  assumed  bands  the  equations  of  the  two 
curves  will  be 

/j-*  =  ^1  +  b^t    and     /,-*  ^a^  +  b/ 

and  each  of  the  two  curves  will  be  a  straight  line.  But  if  we  plot 
/-*  against  /,  where^/ is^thc  observed  total  intensity  {I^I^  +  I^ 


Fig.  69.     Illustrating  Becquerers  explanation  of  the  form  of  the  decay  curve  in  solids. 

the  resulting  curve  will  not  be  straight  but  will  take  the  form 
shown  by  curve  C,  Fig.  69.  In  this  figure  curves  A  and  B  are  the 
decay  curves  for  the  two  bands  taken  separately.     In  the  case 
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represented  in  the  figure  the  two  bands  are  assumed  to  decay  at 
widely  different  rates,  and  the  band  which  decays  more  rapidly  {A) 
has  initially  the  greater  intensity.  It  will  be  seen  that  under  these 
circumstances  the  decay  curve  for  total  intensity  has  all  the  charac- 
teristics of  the  curves  determined  by  experiment.  Becquerel  cites 
one  substance  for  which  the  observed  intensity  can  be  represented 
by  the  expression 

with  remarkable  accuracy.  In  the  case  of  this  particular  substance 
Becquerel  also  found  independent  evidence  of  the  existence  of  two 
bands  in  the  phosphorescence  spectrum. 

This  way  of  accounting  for  the  form  of  the  decay  curve  was  also 
proposed  by  Pierce  in  discussing  the  decay  of  phosphorescence  in 
Emanationspulver,  and  has  been  shown  by  him  to  give  a  very 
satisfactory  explanation  of  the  change  in  the  form  of  the  decay 
curve  resulting  from  changes  in  temperature. 

In  the  case  of  our  own  observations  on  Sidot  blende  we  have 
expressed  the  opinion  that  the  curves  obtained  are  to  be  regarded 
as  showing  the  decay  of  the  green  band  alone  ;  for  although  Sidot 
blende  also  possesses  bands  in  the  blue  and  violet,  these  decay  so 
quickly  and  are  of  such  small  luminosity  that  they  can  scarcely 
affect  the  curves  to  any  appreciable  extent.  In  the  more  recent 
work  of  Werner*  special  precautions  were  taken  in  the  choice  of  a. 
substance  and  in  the  use  of  color  screens  to  make  certain  that  one 
band  only  was  studied ;  yet  the  curves  obtained  are  of  exactly  the 
same  type  as  those  found  by  other  observers. 

The  work  of  Werner,  even  more  strongly  perhaps  than  our  own 
work  with  Sidot  blende,  thus  appears  to  discredit  any  explanation 
of  the  form  of  the  decay  curve  that  is  based  upon  the  assumption 
of  two  bands  in  the  phosphorescence  spectrum.  It  cannot  be 
denied,  however,  that  two  bands  may  well  be  present  even  when 
special  precautions  of  this  kind  are  taken,  and  even  when  the  spec- 
trophotometer shows  no  indication  of  a  double  band.  The  bands, 
of  a  phosphorescence  spectrum  are  ordinarily  so  broad  that  two* 
bands  lying  close  together  might  readily  appear  as  one.     If  the 

1  A.  Werner,  Ann.  der  Phys.,  Vol.  24,  p.  164,  1907. 
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case  is  one  where  the  bands  actually  overlap  it  would  be  impossible 
to  make  observations  on  one  alone  without  working  at  the  extreme 
edge  of  the  double  band,  where  the  intensity  would  probably  be  too 
small  to  permit  of  accurate  observations.  I  am  at  present  unable 
to  see  any  method  of  directly  testing  the  matter.  Since  the  assump- 
tion of  two  nearly  coincident  bands  offers  so  direct  an  explanation 
of  the  form  of  the  decay  curve,  and  since  it  seems  certain  that 
curves  may  be  plotted  on  the  basis  of  this  assumption  which  deviate 
from  the  observed  curves  by  less  than  the  experimental  errors,  it 
must  be  admitted  that  the  hypothesis  has  much  in  its  favor. 

There  are  several  reasons,  however,  for  looking  upon  this  expla- 
nation of  the  form  of  the  curve  with  suspicion.  In  the  first  place 
it  does  not  account  either  for  the  remarkable  changes  produced  in 
the  decay  curves  by  varying  the  intensity  and  duration  of  exci- 
tation, or  for  the  phenomena  of  hysteresis  that  have  been  ob- 
served in  almost  all  cases  of  long  time  phosphorescence.  It  also 
leaves  untouched  the  question  of  the  effects  produced  by  exposure 
to  the  longer  waves.  An  even  more  serious  objection  is  the  fact 
that  it  is  necessary  to  assume  the  existence  of  two  nearly  coinci- 
dent bands  in  all  cases  of  long  time  phosphorescence ;  for  upon 
replotting  the  decay  curves  obtained  by  different  observers  with 
/~*  and  /  as  coordinates  it  is  found  that  the  curves  are  of  the  same 
type  for  all  substances  that  have  thus  far  been  tested.  It  is  hardly 
credible  that  this  is  accidental.  Only  two  explanations  appear  to 
me  to  be  possible  :  either  the  existence  of  two  nearly  coincident 
bands  is  an  essential  characteristic  of  substances  showing  long  time 
phosphorescence,  or  else  the  peculiarities  exhibited  in  the  form  of 
the  decay  curve  are  to  be  explained  in  some  manner  which  does  not 
involve  the  assumption  of  two  bands  at  all.  While  it  may  prove  of 
interest  at  some  later  time  to  develop  the  theory  along  the  lines 
suggested  by  the  first  of  these  alternatives,  the  present  discussion 
will  be  based  upon  the  acceptance  of  the  second,  and  I  shall  con- 
sider in  what  ways  the  form  of  the  decay  curve,  as  well  as  certain 
other  peculiarities  of  phosphorescence,  may  be  explained  in  sub- 
stances possessing  only  one  band  in  the  phosphorescence  spectrum. 


Digitized  by 


Google 


no.  5.]  studies  in  luminescence,  373 

Absorption  Effects. 
If  a  homogeneous  substance  possessing  only  one  band  in  its 
phosphorescence  spectrum  is  uniformly  excited  throughout,  and  if 
the  light  emitted  by  the  interior  portions  suffers  no  diminution  by 
absorption  before  reaching  the  surface,  then  according  to  the  dis- 
sociation theory  here  considered  the  decay  of  phosphorescence  will 
be  in  accordance  with  the  law 

These  conditions,  however,  can  never  be  exactly  attained.  The 
exciting  light  must  be  absorbed  to  some  extent,  for  otherwise  no 
energy  would  be  available  to  produce  phosphorescence.  The 
excitation  will  therefore  be  greatest  at  the  surface,  and  will  diminish, 
at  a  rate  determined  by  the  absorbing  power  of  the  material,  as  we 
pass  to  points  within.  Since  the  ions  are  in  consequence  more 
numerous  in  the  surface  layers,  and  since  the  number  of  recombi- 
nations per  second,  which  determines  the  intensity  of  f)hosphores- 
cence,  is  proportional  to  the  square  of  the  number  of  ions,  it  is 
clear  that  the  light  emitted  during  the  early  stages  of  decay  will 
come  chiefly  from  the  surface.  As  decay  proceeds,  however,  the 
relatively  high  rate  of  recombination  at  points  where  n  is  large  will 
cause  a  rapid  approach  to  uniformity  of  ionic  concentration,  and  the 
part  contributed  to  the  total  light  by  the  interior  of  the  mass  will 
become  increasingly  important.  At  first  the  intensity  of  phosphor- 
escence is  approximately  proportional  to  V^a?^,  where  V^^  is  the 
volume  of  the  surface  layer  that  is  chiefly  effective.  Later,  when 
the  light  from  the  interior  becomes  comparable  in  intensity  with 
that  from  the  surface,  the  phosphorescence  will  be  approximately 
proportional  to  I^««^,  where  V^>  V^,  In  terms  of  the  total 
number  of  ions,  N,  the  two  intensities  will  thus  be  approximately 
proportional  to  a/V^-  N^  and  aj  V^  •  N^.  So  far  as  the  slant  of  the 
decay  curve  is  concerned  this  is  equivalent  to  a  decrease  in  the 
coefficient  of  recombination  and  will  result  in  making  the  curve 
concave  toward  the  axis  of  /.  Absorption  of  the  emitted  light  will 
complicate  the  phenomena  but  will  not  modify  the  general  result. 
The  effect  of  absorption  is  therefore  to  produce  a  change  in  the 
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form  of  the  decay  curve  which  is  at  least  in  the  right  direction  to 
account  for  the  observed  deviation  from  linearity. 

In  discussing  the  effect  of  absorption  in  detail  I  shall  assume 
that  both  the  exciting  light  and  the  emitted  light  suffer  absorption,  the 
two  coefficients  of  absorption  being  j9  and  x  respectively.  At  any 
depth  X  below  the  surface  the  intensity  of  the  exciting  light  will  be 

Assuming  that  ions  are  produced  at  a  rate  proportional  to  E  and 
that  excitation  has  proceeded  for  a  sufficient  time  to  produce  a 
steady  condition,  the  number  of  ions  per  cubic  centimeter  at  any 
depth  X  will  be  determined  by  the  equation 

-^^-  =  O  =  hE  -  an^  =  hE^e-f^*  -  a«/, 


"•"J^"'-*"' 


If  n  is  the  number  of  ions  per  cubic  centimeter  at  the  time  /  we 
have 

I 


and  the  light  emitted  per  unit  volume,  denoted  by  i,  is 

/  being  the  light  emitted  as  the  result  of  one  recombination. 

Since  the  emitted  light  suffers  absorption  the  amount  contributed 
to  the  total  observed  intensity  by  a  layer  of  thickness  dx  will  be 

pae-y^dx 

and  the  total  intensity  is 

e-y^'dx  r*    e-y'e-^^dx 


where 
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Putting 


atr-^*^  =  . 


SO  that 


aBt  -^ 

dz  = ^—e    2  ^;r     and     r-v*  = 

2 


where  m  =  27'//9. 

Successive  partial  integration  gives 

2pa      r      I         ^+*  2  £:^* 

2  •  ^  £:**+* 

4  + 


w+  2  •;«+  3  •  w  +  4  (^  +  ^) 
Upon  putting  in  the  limits  this  becomes 
2pa  1         r  2  at 


(w  +  2)^9  (^  +  a//  L    ^  m+s  a  +  oU 

The  series  in  the  brackets  has  the  value  i  for  /=  o  and  as  t 
becomes  large  approaches  the  series 

2  23 

I  +  — r-  +  +  . . .  =  5. 

^  +  3      /«  +  3w  +  4 

If  the  decay  curve  is  plotted  in  the  usual  way  with  /~*  and  t  as 
coordinates  it  is  clear  that  the  change  in  slant  in  passing  from  small 
values  of  t  to  large  values  will  depend  upon  5  and  will  be  greatest 
when  5  "is  greatest.  The  maximum  deviation  from  linearity  in  the 
form  of  the  decay  curve  which  cian  result  from  absorption  will 
therefore  be  produced  when  m  =  o,  i.  e,,  when  7-  =  o.  To  deter- 
mine whether  absorption  is  sufficient  to  account  for  the  observed 
type  of  curve  I  shall  therefore  consider  first  this  special  case  for 
which  the  effect  is  greatest 

For  w  =  o  we  have 

2pa    [^    zdz  2pa   T         z  ,       ,  .l® 
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Putting  in  the  limits  this  becomes 


/  = 


2pa 
f{(Uf 


log(l+^')- 


at 
a 


I  +■ 


at 


Writing  Q  for  at\a 

The  curve  for  0  and  /"*,  computed  in  accordance  with  this  equa- 
tion, is  plotted  in  Fig.  70,  the  quantity  ipajc?^  being  put  equal  to 
unity.  This  curve  may  be  looked  upon  as  showing  the  relation 
between  /~*  and  t  for  aja  =  i.     The  curve  for  any  different  value 


Fig.  70.     Showing  the  greatest  deviation  from  linearity  in  the  decay  curve  which  can 
be  produced  by  absorption  alone. 

of  ala  may  then  be  found  by  changing  the  vertical  and  hprizontal 
scales  to  correspond  to  the  change  in  aja. 

The  curve  of  Fig.  70  is  similar  in  form  to  the  decay  curves  ob- 
served in  the  case  of  short  excitation.  Pierce  ^  has  also  observed 
curves  of  nearly  this  form  with  zinc  sulphide.     It  is  possible,  there- 

» C.  A.  Pierce,  Phys.  Rev.,  Vol.  26,  p.  314,  Fig.  i.  In  our  own  work  with  this  same 
substance,  **  Emanationspulver,"  we  found  a  decay  curve  of  the  usual  type,  i.  e.,  with 
awell  marked  **shoulder"  at  /=  20  sec.  (Phys.  Rkv.,  Vol.  28,  p.  50,  Fig.  51 ).  It  is 
interesting  to  inquire  whether  the  difference  is  due  to  the  repeated  heating  and  cooling 
to  which  Pierce's  material  was  subjected. 
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fore,  that  the  relatively  slight  deviation  from  linearity  in  such  cases 
IS  to  be  ascribed  to  absorption.  But  in  the  case  of  the  majority  of 
decay  curves  it  is  clear  that  absorption  is  not  to  be  regarded  as  an 
important  factor ;  for  no  change  of  scale  can  bring  about  any  close 
resemblance  between  the  curve  of  Fig.  70  and  the  decay  curves 
usually  observed  for  long  and  moderately  long  excitation. 

Influence  of  Irregularities  in  the  Distribution  of  the 
Active  Material. 

Luminescent  substances  are  in  most  cases  solid  solutions.  In 
fact  it  is  doubtful  whether  luminescence  can  occur  in  an  absolutely 
pure  substance.  Pure  calcium  sulphide  for  example  is  not  phosphor- 
escent ;  but  the  addition  of  a  small  amount  of  some  other  metal,  such 
as  manganese  or  copper,  gives  it  the  power  to  phosphoresce  brilliantly. 
The  method  of  preparating  the  phosphorescent  sulphides  is  such  as 
to  bring  about  a  very  intimate  mixture  of  the  constituents,  and  it  is 
natural  to  think  of  the  manganese,  copper,  or  other  active  material 
as  being  dissolved  in  the  sulphide. 

So  little  is  known  regarding  the  nature  of  solid  solutions  that  we 
cannot  say  with  certainty  whether  such  substances  are  to  be  regarded 
as  strictly  homogeneous  or  not.  Especially  in  the  case  of  crystals 
it  seems  not  improbable  that  the  molecules  of  the  solute  may  not 
be  uniformly  distributed  throughout  the  mass  of  the  solvent,  but  may 
to  a  greater  or  less  extent  collect  in  groups  or  minute  crystals.  Any 
lack  of  uniformity  in  the  distribution  of  the  active  substance  will 
cause  a  corresponding  variation  in  the  concentration  of  the  ions  pro- 
duced by  the  exciting  light ;  and  if  the  nature  of  the  solvent  is  such 
as  to  permit  of  diffusion  the  phenomena  will  be  complicated  by  the 
fact  that  a  redistribution  of  the  ions  will  occur  during  excitation  and 
decay.  Even  without  diffusion,  however,  the  form  of  the  decay 
curve  will  be  modified.  For  since  the  rate  of  recombination  is  pro- 
portional to  the  square  of  the  ionic  concentration  the  intensity  of 
phosphorescence  will  decay  at  different  rates  in  different  parts  of  the 
mass.  The  effect  on  the  decay  curve  will  be  similar  to  that  pro- 
duced by  absorption  ;  in  fact  the  decay  curve  is  modified  by  ab- 
sorption of  the  exciting  light  only  because  of  the  resulting  lack  of 
uniformity  in  the  ionic  concentration  at  different  depths  below  the 
surface. 
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Our  complete  ignorance  of  the  distribution  of  the  active  material 
makes  it  almost  useless  to  attempt  any  exact  treatment  of  the  prob- 
lem. It  is  possible,  however,  without  questionable  assumptions  or 
great  analytical  complexity  to  predict  the  general  character  of  the 
effect  to  be  expected. 

Let  n  be  the  number  of  ions  per  unit  mass  at  any  point ;  n  is  then 
some  unknown  function  of  the  position  of  the  point  in  question  and 
of  the  time  that  has  elapsed  since  the  decay  began.  The  number 
of  recombinations  per  second  will  be  a«'  per  unit  volume,  and  the 
number  of  recombinations  for  the  whole  mass  will  be  fa^Vr,  where 
dz  is  an  element  of  volume.  Disregarding  the  absorption  of  the 
emitted  light  we  have 


/' 


Since  ions  are  destroyed  only  by  recombination 

dN 


dN  r 

-dT^-'^J 


ifdT 


where  N  is  the  total  number  of  ions. 

If  «  is   the  volume  average  of  «,  and  «*  the  volume  average  of 
«*,  so  that 

-     I  r         N     -^     \  r  dN  -, 

«  «=  -  I  ndr  =  — ,     «*  =s  -  I  «-tfr,     — r-  =  —  atrr. 
tJ  r '  Tj  '      dt 

If  we  put 

^        -t        /-M         N^         ,     dN  N'  ap  ^^^ 

("-^^2'     '^  =  K«)*-/'7,-     and     —^-arp-^^-fN'. 


I  I       a  C' 


Writing  />,  for  the  average  value  of  p  between  o  and  / 

d 


I  ,  dN      ka        dt 


(PrO 
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Since 


^.^IfM 


2pA 


W>&a/>(iv:"*"vO* 


Vl      Skap 

Although  we  are  unable  to  determine  p  and  p^  as  functions  of  t 
it  is  clear  that  both  will  decrease  as  /  increases.  It  is  clear  also  that 
the  change  will  become  less  rapid  as  the  decay  proceeds,  and  that 
both  p  and  />j  will  sooner  or  latter  become  nearly  constant  When 
/~*  is  plotted  against  t  we  shall  therefore  obtain  a  curve  which  is 
concave  downward  and  which  finally  becomes  a  straight  line.  In 
other  words  the  decay  curve  will  agree  in  form  with  the  curves  de- 
termined by  experiment. 

The  effect  upon  the  decay  curve  of  an  irregular  distribution  of 
the  active  substance  may  be  illustrated  by  the  following  simple  case. 
Let  the  active  material  be  uniformly  distributed  except  that  small 
regions  occasionally  occur  where  the  concentration  is  abnormally 
large.  The  whole  volume  may  thus  be  divided  into  two  parts,  v^ 
and  v^.  The  distribution  of  the  active  material  is  uniform  throughout 
each  part,  but  the  concentration  in  v^  is  different  from  that  in  v^. 
When  the  substance  is  excited  to  phosphorescence  the  ionic  con- 
centration will  also  differ  in  the  two  regions.  Let  the  number  of 
ions  per  cubic  centimeter  at  the  end  of  excitation  be  n^  in  the  vol- 
ume v^  and  «j  in  the  volume  v^.  Throughout  the  region  v^  the  in- 
tensity of  the  light  emitted  per  cubic  centimeter  will  be 

ok 


{lln,  +  aty 


and  the  total  intensity  at  any  instant  due  to  this  part  of  the  whole 
mass  will  be 

akv, 


The  light  emitted  by  the  volume  v^  is  given  by  the  similar  expression 


^2 


^*-il/n,  +  cuy 
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and  the  total  intensity  is 


where 


r  ^» 

-"-V(., 

.  +  V)'"^(". 

+  V)' 

«,= 

I 

"■-.y?.' 

*.= 

a 

'-;^. 

It  thus  appears  that  the  form  of  the  decay  curve  is  the  same  as 
though  the  substance  possessed  two  bands,  coincident  as  regards 
wave-length,  but  differing  in  rate  of  decay. 

It  is  not  at  all  unlikely  that  a  condition  approaching  that  assumed 
in  this  illustrative  case  actually  exists  in  most  phosphorescent  sub- 
stances. Upon  considering  the  method  used  in  preparing  the  phos- 
phorescent sulphides,  for  example,  it  seems  probable  that  the  dis- 
tribution of  the  active  substance  will  be  far  from  uniform.  When 
the  mixture  is  first  prepared,  and  before  calcination,  the  active 
material  is  unquestionably  in  the  form  of  small  discrete  masses  dis- 
tributed irregularly  through  the  mixture.  Upon  heating  to  redness 
diffusion  will  occur  to  a  greater  or  less  extent,  depending  upon  the 
temperature  and  the  duration  of  heating.  But  even  at  high  temper- 
atures this  will  be  a  slow  process,  and  considerable  variations  in 
concentration  are  likely  to  remain  even  after  prolonged  heating.  It 
is  to  be  expected,  therefore,  that  the  phosphorescent  sulphides  will 
contain  numerous  nuclei  of  high  concentration  surrounded  in  each 
case  by  a  region  where  the  concentration  is  relatively  small.* 

After  calcination  it  is  often  noticed  also  that  the  phosphorescence 
is  very  far  from  being  uniform  throughout  the  mass.  Owing  prob- 
ably to  accidental  differences  in  concentration,  or  to  differences  in 
the  heat  treatment,  the  phosphorescence  often  differs  greatly  in  in- 
tensity and  even  in  color  in  different  parts  of  the  same  mass.  A 
phosphorescent  powder  made  from  such  a  mass,  while  presenting 
the  appearance  of  homogeneity  to  the  unaided  eye,  would   differ 

1  Since  a  more  complete  diffusion  of  the  active  material  will  result  from  prolonged 
heating  it  is  to  be  expected,  other  conditions  being  the  same,  that  the  duration  of  phos- 
phorescence will  be  prolonged  by  increasing  the  lime  of  heating.  This  agrees  with  the 
facts  observed  in  the  preparation  of  the  phosphorescent  sulphides. 
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greatly  from  point  to  point  in  the  concentration  of  the  active  mate- 
rial.^ Even  if  the  mixture  were  so  perfect  that  the  microscope 
could  detect  no  irregularities  a  wide  deviation  from  linearity  in  the 
decay  curve  is  to  be  expected.  It  is  a  significant  fact  that  with  one 
exception  all  decay  curves  thus  far  recorded  have  been  determined 
with  powders  prepared  in  practically  the  same  way  that  the  phos- 
phorescent sulphides  are  prepared.  In  fact  most  of  the  substances 
tested  were  sulphides.  The  exception  noted  above  was  natural 
willemite  ^  in  which  case  the  variation  in  brightness  over  the  sur- 
face tested  was  plainly  visible. 

It  thus  appears  that  irregularities  in  the  distirbution  of  the  active 
substance  are  sufficient  to  explain  the  deviation  from  linearity  in  all 
the  decay  curves  thus  far  observed.  Such  irregularities  of  distribu- 
tion are  not  merely  probable,  but  in  many  cases  are  perfectly  obvi- 
ous. But  while  the  distribution  of  the  active  material  is  probably 
in  all  cases  an  important  factor,  it  cannot  be  the  only  factor  of  im- 
portance. With  Balmain's  paint,  Pierce  has  found  that  the  decay 
curve,  which  possesses  the  usual  shoulder  at  ordinary  temperatures, 
becomes  almost  exactly  linear  at  a  temperature  of  74°,'  while  for 
higher  temperatures  it  again  shows  a  curvature  of  the  usual  kind. 
It  appears  highly  improbable  that  such  changes  are  brought  about 
by  temporary  changes  in  the  distribution  of  the  active  substance. 
Non-uniformity  in  the  distribution  of  the  active  material  also  offers 
no  explanation  of  the  phenomena  of  hysteresis  or  of  the  effect  of  the 
infra-red  rays. 

'  While  we  are  chiefly  concerned  at  present  with  the  influence  of  lack  of  homogeneity 
upon  the  decay  curve,  it  can  scarcely  be  doubted  that  the  eflect  upon  the  phosphorescence 
spectrum  is  fully  as  important  For  some  reason  difi*erent  parts  of  the  mass  are  differ- 
ently afliected  by  the  process  of  calcination.  This  may  be  due  to  diflerences  in  concentration 
throughout  the  mass,  or  to  the  fact  that  the  eflect  of  the  surrounding  gas  varies  from  point 
to  point.  When  such  a  mass  is  powdered  and  mixed  the  effect  is  the  same  as  though  we 
were  to  make  an  intimate  mixture  of  several  entirely  difierent  phosphorescent  substances. 
Each  constituent  has  its  own  band  or  group  of  bands,  characterized  by  deflnite  wave- 
lengths and  periods  of  decay,  which  differ  according  to  the  conditions  of  preparation.  It 
is  not  surprising  that  the  phosphorescence  spectrum  of  such  a  material  is  complex  ;  and 
we  can  scarcely  expect  simple  laws  to  apply  to  any  of  the  phenomena  exhibited  by  such 
a  mixture. 

'  The  decay  of  phosphorescence  in  a  speciman  of  willemite  possessing  a  long  time 
phosphorescence  has  been  studied  by  Nichols  and  Merritt,  Phys.  Rev.,  Vol.  23,  p.  52, 
'^  is*  53*  Willemite  whose  phosphorescence  dies  out  with  great  rapidity  has  been  studied 
by  Waggoner,  Phys.  Rev.,  Vol.  27,  p.  209. 

» PuYS.  Rev.,  Vol.  26,  p.  458,  Fig.  26. 
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Diffusion  Effects 

Whenever  irregularities  exist  in  the  distribution  of  the  active  sub- 
stance there  will  be  a  tendency  for  diffusion  to  occur.  Under  ordi- 
nary conditions  this  tendency  is  probably  neutralized  by  forces 
which  act  to  keep  the  distribution  unaltered,  so  that  so  long  as  the 
substance  remains  in  the  molecular  form  the  condition  is  to  be  re- 
garded as  a  stable  one  for  the  temperature  and  pressure  at  which 
the  phosphorescent  substance  normally  exists. 

But  when  the  material  is  excited  to  luminescence  a  part  of  the 
active  substance  will  be  dissociated,  and  since  the  resulting  ions  will 
possess  a  different  mobility  and  will  be  acted  upon  by  different  forces 
from  those  that  determine  the  behavior  of  the  original  neutral  mole- 
cules, the  condition  of  equilibrium  will  be  destroyed,  and  some 
change  in  the  distribution  of  the  active  substance  is  to  be  expected. 

An  exact  discussion  of  the  effects  of  diffusion  would  present  great 
difficulties ;  for  the  fact  that  diffusion  and  recombination  occur  at 
the  same  time  greatly  complicates  the  analytical  treatment.  It  is 
probable  also  that  in  crystals  the  diffusion  constant  will  be  different 
for  different  directions.  It  is  clear,  however,  that  the  influence 
of  diffusion  upon  the  form  of  the  decay  curve  must  be  similar  to 
that  produced  by  an  irregular  distribution  of  ions  without  diffusion. 
In  fact  the  discussion  of  the  preceding  section  applies  without  modi- 
fication to  the  case  of  substances  in  which  diffusion  of  the  ions  may 
occur.  Diffusion,  however,  will  increase  the  rapidity  with  which 
uniformity  of  ionic  concentration  is  approached  during  decay ;  and 
since  diffusion  will  be  most  active  when  large  concentration  gradients 
exist,  the  effects  of  diffusion  will  be  greatest  in  the  early  stages  of 
decay.  In  cases  where  diffusion  is  an  important  factor  we  should 
therefore  expect  a  sharper  curvature  in  the  early  part  of  the  curve, 
and  a  more  rapid  approach  to  linearity,  than  in  cases  where  diffusion 
is  absent. 

It  is  not  impossible  that  diffusion  is  sometimes  important  even 
when  there  is  practically  complete  uniformity  in  the  distribution  of 
the  active  substance.  Owing  to  the  absorption  of  the  exciting  light 
the  ionization  produced  in  the  surface  layer  will  be  more  intense 
than  that  produced  at  points  beneath  the  surface.  If  the  absorption 
is  large  a  large  gradient  may  thus  be  produced  in  the  ionic  con- 
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centration,  and  diffusion  from  the  surface  layers  inward  will  bring 
about  a  change  in  the  decay  curve  similar  in  character  to  that 
caused  by  irregularities  in  the  distribution  of  the  active  substance. 
Diffusion  produced  in  this  way  would  ultimately  result  in  an  ap- 
preciable diminution  in  the  surface  concentration  of  the  active 
material,  and  we  should  therefore  expect  that  the  intensity  of 
luminescence  would  be  diminished  in  such  a  substance  by  pro- 
longed excitatation.  No  effect  of  this  kind  has  been  observed  by 
us  in  the  case  of  Sidot  blende,  but  the  observations  of  Werner^ 
with  a  SrZn  compound  show  evidence  of  fatigue  resulting  from 
prolonged  excitation. 

The  change  in  the  form  of  the  decay  curve  due  to  changes  in 
the  duration  of  excitation  may  be  explained,  at  least  in  a  general 
way,  as  a  result  of  diffusion.  Diffusion  of  the  ions  will  occur 
during  excitation  as  well  as  during  decay.  After  prolonged 
excitation,  therefore,  the  volume  occupied  by  ions  will  be  greater 
than  after  short  excitation,  and  the  rate  of  decay  —  in  other 
words  the  slant  of  the  decay  curve  —  will  be  correspondingly  re- 
duced.' 

Diffusion  also  offers  an  explanation  of  the  phenomena  of  hystere- 
sis in  phosphorescence  substances.  After  prolonged  excitation  and 
subsequent  decay  the  neutral  molecules  that  result  from  recombi- 
nation will  be  distributed  through  a  larger  volume  than  before. 
Since  the  original  distribution  of  the  active  material  was  a  stable 
one  there  will  be  a  gradual  return  to  the  normal  distribution.  But 
this  will  be  a  slow  process  and  may  well  require  several  days  for 
its  completion.  In  the  mean  time  the  material  is  in  such  a  condi- 
tion that  the  decay  following  renewed  excitation  will  be  more 
gradual  than  the  normal,  even  for  a  short  excitation.  The  spread- 
ing out  of  the  active  substance  by  diffusion,  which  would  normally 
require  a  long  excitation,  has  already  been  accomplished  by  the 
preceding  excitation,  whose  effects  have  not  yet  disappeared.     Hys- 

1  Werner,  A.,  Ann.  der  Phys.,  Vol.  24,  p.  164,  1907. 

>  If  the  Yolume  occupied  by  ions  is  v^  for  short  excitation  and  v^  for  long  excitation, 
the  ionic  concentrations  will  be  «/vi  and  n\v^  respectively  and  the  two  intensities  of 
phosphorescence  will  be  proportional,  an^\v^  and  an^jv^  Prolonged  excitation  therefore 
produces  an  effect  which  is  equivalent  to  a  diminution  in  the  coefficient  of  recombina- 
tion. 
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teresis  effects  such  as  those  exhibited  in  Fig.  40  *  are  therefore  to 
be  expected. 

If  this  explanation  of  hysteresis  is  correct  the  effect  of  the  infra- 
red rays  must  be  to  facilitate  the  return  of  the  substance  to  its  nor- 
mal condition :  in  other  words  to  increase  the  rapidity  of  the  dif- 
fusion by  which  the  original  distribution  of  the  active  material  is 
restored.  It  is  natural  to  expect  such  an  effect  in  substances  which 
are  able  to  absorb  the  infra-red  rays.  But  if  the  restoration  is  ac- 
complished by  the  diffusion  of  neutral  ions  the  rapidity  of  the  action  is 
surprising,  for  with  strong  infra-red  rays  we  have  found  that  an  ex- 
posure of  only  a  few  seconds  is  sufficient  to  restore  Sidot  blende  to 
its  standard  condition.' 

Influence  of  Ionic  Grouping. 

In  discussing  thermo-luminescence  and  the  effect  of  infra-red  rays 
upon  phosphorescence  Wiedemann  and  Schmidt  *  have  suggested 
that  some  of  the  ions  produced  during  excitation  form  semi-stable 
combinations  or  groups  with  the  neutral  molecules  of  the  solvent, 
and  that  these  groups  may  afterwards  be  broken  down,  and  the  ions 
liberated,  by  rise  in  temperature  or  by  the  absorption  of  infra-red 
rays.  The  formation  of  such  groups  as  the  result  of  ionization 
seems  extremely  probable,  especially  in  the  case  of  solids,  and  can 
scarcely  fail  to  be  of  importance  in  any  satifactory  theory  of  phos- 
phorescence. .Introducing  such  additional  hypotheses  as  are  neces- 
sary to  give  definiteness  to  the  suggestion  of  Wiedemann  and  Schmidt 
let  us  consider  what  the  influence  of  such  ionic  groups  will  probably 
be. 

We  shall  assume  that  the  first  effect  of  the  exciting  light  is  to 
produce  dissociation  in  a  part  of  the  active  material.  The  dissoci- 
ation assumed  may  be  either  chemical  or  electrolytic ;  *  and  if  of  the 

>  Phys.  Rev.,  Vol.  23,  p.  41,  1906. 

*  Nichols  and  Merritt,  Phys.  Rev.,  Vol.  25,  p.  362,  1906. 

'Ann.  der  Phys.,  Vol.  56,  p.  247,  1895. 

^  Since  the  electro-magnetic  disturbance  that  constitutes  light  can  get  a  hold  on  the 
molecules  of  the  active  material  only  by  exerting  forces  upon  the  electrical  charges  in 
the  molecule,  and  will  always  tend  to  separate  the  positive  and  negative  parts,  it  ap- 
pears probable  that  the  first  effect  of  the  exciting  light  is  alwajrs  to  produce  some  type  of 
electrolytic  dissociation,  and  that  any  chemical  changes  which  may  be  exhibited  are  sec- 
ondary effects. 


Digitized  by 


Google 


No.  5.]  STUDIES  IN  LUMINESCENCE.  385 

latter  type  it  may  be  either  similar  to  the  dissociation  of  ordi- 
nary electrolysis,  or  may  consist  of  the  expulsion  from  the  molecule 
of  one  or  more  electrons,  and  thus  resemble  more  closely  the  ioni- 
zation of  a  gas  by  X-rays.  For  the  sake  of  definiteness  we  shall 
assume  that  the  effect  of  the  exciting  light  is  to  produce  such  vio- 
lent vibrations  as  to  liberate  a  single  electron  from  the  molecule. 

The  two  ions  produced  in  this  type  of  dissociation  will  differ 
greatly  in  mobility.  The  negative  ion,  owing  to  its  small  mass, 
will  possess  a  velocity  hundreds  of  times  greater  than  that  of  the 
heavy  positive  ion,  and  in  consequence  will  move  about  in  the  sub- 
stance with  considerable  freedom.  While  the  electrons  will  at 
times  attach  themselves  to  the  molecules  of  the  solid  solvent  this 
condition  will  usually  be  only  temporary.  We  may  assume  in 
general  that  a  constant  fraction  of  the  whole  number  of  negative 
ions  consists  of  electrons  that  are  moving  freely.  The  positive  ions 
on  the  other  hand  will  possess  only  a  small  mobility.  While  some 
of  these  ions  will  remain  free,  it  is  to  be  expected  that  many  will 
attach  themselves  to  molecules  of  the  solvent  or  to  undissociated 
molecules  of  the  active  substance.  It  is  to  be  noted  that  the  small 
velocity  of  the  positive  ions  makes  it  probable  that  the  groups 
formed  by  the  union  of  a  positive  ion  with  a  neutral  molecule  will 
be  far  more  permanent  than  similar  groups  formed  by  the  negative 
ion. 

It  will  be  seen  that  the  collisions  between  positive  and  negative 
ions,  which  lead  to  the  more  or  less  gradual  decay  of  the  ionized 
condition  after  the  exciting  light  has  ceased  to  act,  will  be  of  three 
different  kinds:  (i)  collisions  between  a  negative  ion  and  a  free 
positive  ion  ;  (2)  collisions  between  a  negative  ion  and  a  positive  ion 
that  has  attached  itself  to  a  neutral  molecule  of  the  solvent,  and 
(3)  collisions  between  a  negative  ion  and  a  positive  ion  that  is  at- 
tached to  a  neutral  molecule  of  the  active  substance.  The  number 
of  modes  of  recombination  may  in  fact  be  greater  than  three,  since 
the  positive  ion  may  become  the  nucleus  of  more  complicated  molec- 
ular groups.  We  shall,  however,  restrict  the  discussion  to  cases  in 
which  there  are  only  three  modes  of  recombination. 

When  recombination  occurs  it  is  to  be  expected  that  vibrations  will 
be  set  up  in  the  resulting  neutral  molecule,  and  these  vibrations,  in 
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the  theory  here  considered,  are  assumed  to  be  the  source  of  the 
light  emitted  during  the  phosphorescence.  But  the  vibrations  cor- 
responding to  the  different  modes  of  recombination  will  probably 
differ  in  violence,  in  frequency,  and  in  radiating  power. 

Of  the  total  number  n  of  positive  ions  at  any  time  /  let  tpn  be 
free,  and  4*n  attached  to  neutral  molecules  of  the  active  sub- 
stance; then  (i  — ^  — 0)»  will  be  attached  to  molecules  of  the 
solvent,  ip  and  ^  are  proper  fractions  whose  sum  is  less  than  unity, 
and  which,  in  general,  are  functions  of  /,  for  the  distribution  of  the 
positive  ions  will  be  subject  to  alteration  during  the  decay  of  phos- 
phorescence as  well  as  during  excitation.  The  number  of  recom- 
binations between  a  free  positive  ion  and  an  electron  in  unit  time 
will  be  proportional  to  the  number  of  free  positive  ions  f «,  and  to 
the  number  of  free  negative  ions  «,  and  may  therefore  be  put  equal 
^i^^>  where  a^  is  the  coefficient  of  recombination.  If  the  energy 
radiated  as  light  due  to  one  recombination  is  p^  the  intensity  of  the 
phosphorescence  due  to  this  mode  of  recombination  will  be 

Similarly 

for  the  other  two  types  of  recombination. 

The  total  phosphorescent  light  will  thus  consist  of  three  parts. 
If  the  different  modes  of  recombination  give  rise  to  vibrations  of 
different  frequency  the  phosphorescence  spectrum  will  consist  of 
three  bands  which  decay  at  different  rates,  and  which  may  differ 
widely  in  intensity. 

The  determination  of  the  law  of  decay  of  phosphorescence  upon 
the  basis  of  the  theory  just  outlined  is  thus  seen  to  involve  the  de- 
termination of  n,  (p  and  4>  as  functions  of  /.  In  the  general  case 
the  solution  presents  difficulties  that  are  well  nigh  insurmountable. 
The  problem  may  be  simplified,  however,  by  an  assumption,  which, 
while  doubtless  not  exactly  true,  probably  gives  in  the  majority  of 
cases  a  close  approximation  to  the  actual  conditions.  It  is  assumed, 
namely,  that  Cj  =  a^  =  a^,  in  other  words  the  probability  that  a  col- 
lision will  result  in  recombination  is  the  same  for  the  three  types  of 
collision.     In  this  case 
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dn 
(i)  —  =s  —  a(pr^  —  wpif  —  a(l  —  y?  —  0)«^  s=  —  ««*, 

(2) 


l/«o+a/' 

where  «^,  is  the  number  of  positive  (or  negative)  ions  when  excita- 
tion ceases. 

To  determine  ip  and  ^  as  functions  of  /  it  is  necessary  to  make 
some  assumption  regarding  the  rate  at  which  the  free  positive  ions 
attach  themselves  to  neutral  molecules.  Since  the  number  of 
neutral  molecules  is  presumably  large  as  compared  with  the  num- 
ber of  ions,  it  is  reasonable  to  assume  that  the  rate  at  which  new 
groups  are  formed  is  proportional  to  the  number  of  ions  that  are 
still  free  to  enter  into  such  combination.  In  other  words  we  may 
assume  k^(pn  and  k^n  as  the  rates  of  formation  of  new  groups  of  the 
two  possible  types.  Since  the  positive  ions,  whether  free  or  attached, 
are  also  recombining  with  the  negative  ions  we  have 

(3)  7/?>«)  =  -  «^«'  -  {K  +  >^2)^«- 

While  positive  ions  will  occasionally  break  loose  from  the  groups 
to  which  they  have  attached  themselves  and  return  to  the  "free  " 
condition,  this  will  occur  only  rarely  on  account  of  the  sluggish- 
ness with  which  these  ions  move.  I  have  therefore  omitted  as 
negligibly  small  the  positive  term  due  to  this  cause  which  should 
appear  in  the  right  hand  member  of  equation  (3).  At  high  tem- 
peratures, however,  and  perhaps  under  other  special  conditions,  the 
omision  of  this  term  will  no  longer  be  permissible.  If  the  molecular 
movements  are  sufficiently  violent,  due  to  high  temperature  or  other 
causes,  the  formation  of  groups  may  even  be  prevented  altogether. 
Such  cases  will  be  considered  later. 

Equation  (3)  may  be  written 

d  dn         dip 

-  (^«)  =  ^  —  +  «  ^  =  -  a^««  _  (k^  +  k^,pn. 

Remembering  that  dnldt  =  —  at^  this  becomes 
where  ««  =  i,  +  ^j  and  <p^  is  the  value  of  ^  for  /  =  o. 
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In  the  case  of  the  positive  ions  that  are  attached  to  neutral  mole- 
cules of  the  active  substance  recombinations  are  occurring  with  nega- 
tive ions  at  the  rate  a^«*,  while  new  groups  are  being  formed  by 
the  attachment  of  free  positive  ions  at  the  rate  k^ifti 

d 


V/^ 


or 


dn  dip 

(5)  ^  7/  +  ""  ~di  ^  ""  "^'^  +  '^i^''- 


Since 


we  have 


dn 


dip 

...^  = ^'^^-^  +  const. 

Putting  ip^  for  the  value  of  ip  when  /  =s  o 

(6)  i&  =  i*.  +  -5°('-^"')- 

For  the  intensities  of  the  three  constituents  of  the  phosphorescent 
light  we  have  therefore 

/,=/,«(.  -  <p  -  ^y  ^A«[i  -^0- W;- W^-Q]  , 

Since  we  have  usually  plotted  the  reciprocal  square  root  of  the 
intensity  of  phosphorescence  it  will  be  convenient  to  use  the  same 
procedure  here. 
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^IVI,- 


V>2«[^'«  +  >tl*'Xl-^r^)] 


''      '      Vp,a[i  -,},,- \fjm - kfjm ■  ^]  ' 

Replacing  certain  groups  of  constant  terms  by  single  letters  for 
brevity  these  expressions  may  be  written 


i/x//,= 


x/A^^B^e^^'' 


i/s/]^-^^+^ 


x/A.^B^e-"^ 


If  a  curve  is  plotted  for  i/v^/i  in  accordance  with  the  above  equa- 
tion it  is  found  to  be  of  the  type  shown  in  Fig.  72  for  7*  =  o.  The 
curve  for  i/n^/,  and  i/v^/^  is  concave  upward  during  the  early 
stages  of  decay,  becoming  practically  straight  when  /  is  so  large  as 
to  make  er^  inappreciable. 

No  decay  curves  corresponding  to  either  of  these  types  has  been 
observed.  It  must  be  remembered,  however,  that  the  effects  of 
absorption,  diffusion,  and  irregular  distribution  have  been  neglected 
in  the  present  discussion.  It  is  probable  that  one  or  more  of  these 
sources  of  disturbance  are  present,  in  which  case  the  theoretical 
decay  curves  would  be  modified  in  such  a  way  as  to  make  them  cor* 
respond  more  nearly  with  the  curves  actually  observed.  If  m  is 
large,  for  example,  the  curve  for  I^  will  be  straight  except  in  the 
immediate  neighborhood  of  /  =  o.  Irregularities  in  the  distribution 
of  the  active  substance  would  then  produce  a  deviation  from 
linearity,  as  discussed  on  pp.  377-381.  It  appears  to  me  probable 
that  the  observed  facts,  in  the  cases  of  phosporescence  thus  far 
studied,  are  best  explained  in  this  way.  It  is  interesting  to  note, 
however,  that  curves  may  be  obtained  as  the  result  of  ionic  grouping 
which  agree  very  closely  with  the  experimental  curves,  even  on  the 
assumption  of  a  uniform  distribution  of  the  active  material.  If,  for 
example,  /^  and  /^  both  contribute  to  the  phosphorescence,  while  /^ 
is  zero  or  negligible 
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I=I^  +  I^  = 

i/v/7= 


ifno  +  at 


(l/«o  +  «0' 


^  =  A«(^.  +  *?). 


^  =  A«i^o-A« 


In  case  all  three  modes  of  recombination  contribute  to  the  phos- 
phorescence we  obtain  a  similar  expression  for  /"*  except  that  A 
and  B  now  have  the  values 


Fig.  71.     Observed  decay  curves  for  different  durations  of  excitation  compared  with 
curves  computed  from  the  equation 


I 

~  v/i5?(>"-f7-'«^)* 

The  times  of  excitation  and  the  relative  numerical  values  of  the  constants  i: 

putation  are  as  follows : 

Curve.       Excitation 
£            60  sec. 

Y 

0.36 

72 

1 

D            37     " 

0.4 

167 

2.18 

a  =  4.8 

C            11.6  " 

0.1 

336 

4 

^m  =  0.16 

B              5.4  ** 

0.1 

650 

4.35  J 
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In  Fig.  71  several  curves  have  been  plotted  for  /"*  by  means  of 
this  equation.  Values  of  the  constants  have  been  determined  by 
trial  so  as  to  make  these  curves  correspond  as  nearly  as  possible 
with  the  series  of  experimental  curves  obtained  with  Sidot  blende 
by  varying  the  time  of  excitation.^  Observational  points  are  indi- 
cated by  circles.  It  will  be  seen  that,  except  in  the  case  of  one 
curve,  the  agreement  is  highly  satisfactory. 

To  give  an  idea  of  the  character  of  the  decay  curves  which 
might  result  from  the  presence  of  grouped  ions  (disturbances  due 
to  diffusion,  absorption,  etc.,  being  neglected)  we  may  write  equa- 
tion (7)  in  the  form 

where 
r==--=i^-^     and     r^AlB, 

The  first  factor  alone  plots  as  a 
straight  line.  The  deviation  from 
linearity  in  the  curve  for  /~*  is 
therefore  determined  by  the  second 
factor  T,  Putting  m=  i  I  have 
computed  T  as  a  function  of  /  for 
several  values  of  y,  the  results  being 
plotted  in  Fig.  72.  For  values  of 
y  ranging  from  o.i  to  5.0  the 
curves  are  of  such  a  character  as  to 

correspond    with    the   experimental  Fig.  72.     Curves  showing  the  rtlaiion 

curves    for    /""*.       But    for    smaller     between   r  and  /  for  different  values  of 

values  of  7*  a  double    curvature  is    ^  ^  ^^*  , 

shown  which  is  not  found  in  any  ^  ^  'j/y^^' 

*  Nichols  and  Merritt,  Physical  Review,  Vol.  23,  p.  45,  Fig.  44. 
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of  the  curves  that  we  have  determined.  There  is,  however,  an  in- 
dication of  such  a  double  curvature  in  some  of  the  results  of  Pierce. 
It  is  clear  that  disturbances,  due,  for  example,  to  irregularities  in 
the  distribution  of  the  active  material,  might  so  alter  the  early  part 
of  the  curve  as  to  eliminate  any  peculiarities  of  this  nature.  In 
fact  there  is  at  present  so  much  uncertainty  regarding  the  relative 
importance  of  the  different  factors  that  influence  the  form  of  the 
curve  for  small  values  of  /  that  it  is  difiicult  to  reach  any  definite 
conclusions  concerning  this  part  of  the  curve.  Experiments  bearing 
upon  the  distribution  of  the  active  material,  the  rate  of  diffusion  of 
the  ions,  and  related  matters  are  greatly  needed. 

Hysteresis,  Temperature  Effects,  Etc.,  Explained  by 
Ionic  Grouping. 

To  account  for  the  hysteresis  exhibited  by  phosphorescent  sub- 
stances, in  other  words,  the  effect  of  a  previous  exposure  upon  the 
phosphorescence  produced  by  a  given  excitation,  it  is  necessary  to 
consider  the  essential  difference  that  probably  exists  between  the 
groups  formed  by  the  union  of  positive  ions  with  neutral  mole- 
cules of  the  active  substance  and  those  formed  by  the  attachment  of 
positive  ions  with  molecules  of  the  solvent.  For  the  sake  of  brev- 
ity, as  well  as  for  reasons  that  will  appear  shortly,  we  shall  refer  to 
the  former  2&  favorable  groups  ^XiA  to  the  latter  as  unfavorable  groups. 

We  have  already  introduced  the  assumption  that  light  is  produced 
by  the  recombination  of  a  negative  ion  with  a  favorable  group,  while 
the  recombination  of  the  unfavorable  groups,  at  least  in  some  cases, 
gives  out  no  light.  A  difference  is  to  be  expected  also  in  the  be- 
havior of  the  neutral  molecules  that  result  from  recombination  in 
the  two  cases.  A  favorable  group  consists  in  a  positive  ion  attached 
to  at  least  one  neutral  molecule  of  the  same  sort.  It  seems  natural 
to  expect  that  forces  similar  to  those  that  hold  together  the  mole- 
cules of  a  crystal  may  cause  this  grouping  to  persist  even  after  re- 
combination has  occurred.  In  the  case  of  the  unfavorable  groups 
this  tendency  to  persist  can  scarcely  be  present  in  the  same  degree 
if  at  all. 

The  condition  of  the  phosphorescent  substance  i2>  thus  different 
after  phosphorescence  has  ceased  from  what  it  was  before  excita- 
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tion.  The  difference  consists  in  the  presence  in  the  mass  of  a 
larger  number  of  grouped  molecules  of  the  active  substance,  which 
are  so  intimately  connected  that  when  one  member  of  the  group  is 
dissociated  during  subsequent  excitation  its  positive  ion  is  in  a 
position  to  form  immediately  one  of  the  groups  favorable  to  phos- 
phorescence. After  the  substance  has  been  excited  it  is  therefore  in 
a  condition  which  enables  a  subsequent  excitation  to  produce  a  larger 
proportion  of  favorable  groups  than  would  be  produced  by  a  simi- 
lar excitation  of  the  fresh  substance.  In  other  words  the  ijf^  of 
equation  (7)  is  increased. 

During  excitation  we  have  dissociation  and  recombination  taking 
place  at  the  same  time ;  and  the  recombinations  that  occur  during 
excitation  will  bring  about  the  same  change  in  the  condition  of  the 
substance  that  we  have  assumed  during  decay.  The  value  of  (p^  will 
therefore  increase  with  the  duration  of  exposure  to  the  exciting 
rays.  Prolonged  excitation,  up  to  the  point  where  saturation  is 
reached,  also  increases  the  number  of  ions,  i.  e.^  the  value  of  n^,  A 
series  of  decay  curves  for  different  times  of  exposure  should  there- 
fore resemble  the  curves  of  Fig.  71,  which  are  computed  from 
equation  (7)  by  giving  progressively  increasing  values  to  the  con- 
stants (p^  and  n^. 

The  new  condition  in  which  a  substance  is  left  after  phosphor- 
escence can  scarcely  be  one  of  complete  stability.  The  natural  and 
stable  arrangement  of  the  molecules  \s  that  of  the  substance  before 
it  has  been  disturbed  by  the  action  of  light.  It  is  to  be  expected, 
therefore,  that  there  will  be  a  more  or  less  gradual  return  to  the 
normal  .state  after  the  light  has  ceased  to  act.  The  recombination 
of  the  ions  produced  by  excitation,  with  the  accompanying  phos- 
phorescence, forms  only  one  stage  in  the  complete  return  to  the 
normal  state,  and  is  followed  by  a  more  gradual  breaking  down  of 
the  molecular  groups  resulting  from  recombination.  We  thus  have 
an  explanation  of  the  effect  of  rest.  The  effect  of  exposure  to  infra- 
red rays  and  of  elevation  of  temperature  is  to  hasten  the  return  to 
the  normal  state  by  increasing  the  rate  at  which  these  groups  disin- 
tegrate. 

To  account  for  the  action  of  the  infra-red  rays  during  excitation 
and  decay  it  is  only  necessary  to  assume  that  these  rays  also  have 
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the  power  of  breaking  down  the  "  favorable  groups.*'  In  the  case  of 
Sidot  blende  the  effect  on  the  unfavorable  groups  appears  to  be  inap- 
preciable. Upon  exposure  to  infra-red  during  decay  the  first  result 
is  to  diminish  the  number  of  favorable  groups,  and  to  correspond- 
ingly increase  the  number  of  free  positive  ions.  This,  by  itself,  will 
not  greatly  alter  the  intensity  of  phosphorescence ;  for  in  the  phos- 
phorescence of  Sidot  blende  the  recombination  of  a  free  positive  ion 
appears  to  be  nearly  or  quite  as  effective  as  the  recombination  of  a 
favorable  group.  But  an  increase  in  the  number  of  free  ions  causes 
an  increase  in  the  rate  at  which  unfavorable  groups  are  formed.  The 
positive  ions  that  are  shaken  loose  from  the  favorable  groups  there- 
fore pass  quickly  into  the  inactive  condition,  and  a  rapid  diminution 
in  the  intensity  of  phosphorescence  results.  The  rate  of  decrease 
of  course  depends    upon  the  intensity  of  the  active  rays. 

If  the  infra-red  rays  are  allowed  to  act  for  a  short  time  and 
are  then  cut  off,  the  condition  of  the  phosphorescent  substance  will 
differ  in  two  respects  from  that  which  it  would  have  reached  dur- 
ing ordinary  decay  :  (i)  the  number  of  favorable  groups  is  less  than 
it  would  have  been  without  the  action  of  the  longer  waves ;  (2)  the 
number  of  free  ions  is,  at  least  to  some  extent,  in  excess  of  the 
normal.  After  the  infra-red  rays  have  ceased  to  act,  however,  the 
free  ions  will  soon  form  groups  again,  either  favorable  or  unfavor- 
able, and  the  decay  curve  will  quickly  return  to  the  standard  form. 
But  the  number  of  favorable  groups  will  be  less  than  if  the  infra- red 
rays  had  not  acted.  The  effect  of  exposure  to  the  longer  waves  is 
simply  to  bring  the  substance  quickly  into  the  same  condition  that 
it  would  ordinarily  acquire  only  after  a  much  longer  period  of  de- 
cay. The  theory  here  discussed  is  thus  seen  to  be  incomplete 
agreement  with  the  experimental  results  shown  in  Figs.  60  and 
61  of  the  eighth  article  of  this  series.^ 

It  seems  probable  that  in  some  substances  certain  rays,  presum- 
ably in  the  infra-red,  may  have  the  effect  of  breaking  down  the  un- 
favorable as  well  as  the  favorable  groups.  In  such  cases  exposure 
to  these  rays  would  probably  bring  about  an  increase  in  the  bril- 
liancy of  phosphorescence  instead  of  a  decrease.  This  is  said  to  be 
>  Phys.  Rev.,  Vol.  25,  p.  371. 
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the  case  with  certain  of  the  phosphorescent  sulphides.  The  same 
effect  would  be  produced  in  substances  where  the  recombination  of 
a  free  positive  ion  gives  out  more  light  than  that  of  an  attached 
ion  ;  u  ^.,  where /j  >  p^. 

In  cases  like  that  of  Sidot  blende  the  form  of  the  decay  curve  as 
modified  by  exposure  to  infra-red  rays  may  be  determined  as 
follows : 

We  shall  assume  that  the  rate  at  which  favorable  groups  are 
broken  down  is  proportional  to  the  intensity  of  the  active  rays  I^ 
and  the  number  of  favorable  groups  present  (0«).  We  therefore 
have 

d 

(8)  -j^(i}>n)  =  -  a4m^  -  R4^n  +  k^ipn 

where  R  is  proportional  to  /. 

The  destructive  effect  of  the  infra-red  is  so  great,  even  for  rays 
of  small  intensity,  while  k^  is  so  small,  that  the  last  term  k^ipn 
may  in  general  be  neglected.  It  is  only  in  the  case  of  exposure  to 
very  weak  rays,  or  with  substances  which  show  the  infra-red  effect 
in  small  intensity,  that  the  omission  of  this  term  will  lead  to  appre- 
ciable errors.     Equation  (8)  therefore  becomes 

dn  ^^' 

(9)  <P^4\e-^) 

t  is  here  reckoned  from  the  time  when  exposure  to  the  infra-red 
rays  begins.  If  we  take  /  as  the  time  that  has  elapsed  since  the 
end  of  excitation  we  have 

where  t^  is  the  time  at  which  the  longer  waves  begin  to  act  and  ^^  is 
the  value  of  ^  at  this  time. 

To  determine  the  number  of  free  positive  ions  ipn  after  the  infra- 
red rays  begin  to  act  we  have  the  equation 
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dn         dip  dip 

(lo)  if  =  ^,^-*»('-'i>  -  -  -!j_^i»(*-'i). 

An  interesting  special  case,  corresponding  to  the  experimental 
conditions  in  much  of  our  work  with  Sidot  blende,  is  that  in  which 
the  exposure  to  infra-red  rays  begins  at  once  when  excitation  ceases, 
i  ^.,  /^  SB  o.     In  this  case 

where 

For  the  special  case  where  p^a^  =■/,«,, 

1 1^0  + at      


^r'' 


^^R--M^^-^y-' 


If  the  infra-red  rays  are  intense  so  that  Rjk^  is  large. 

VI      VkjPjR-e-^ +  {<!>,+ 4;)e-'^' 
and  in  the  extreme  case  where  R  may  be  treated  as  infinite 
_i    ^ i/«o  +  g/ 

This  gives  a  curve  having  the  same  form  as  the  observational 
curve  shown  in  Fig.  64,  which  is  reproduced  from  the  preceding 
article  of  this  series.  The  data  of  Figs.  65,  66  and  67^  will  be 
found  to  give  curves  of  the  same  form  for  ijs/I',  but  the  curve  has 
been  plotted  only  in  the  case  of  Fig.  64. 

*  Phys.  Rev.,  Vol.  25,  p.  362. 
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At  high  temperatures  the  increased  activity  of  the  molecular 
movements  will  tend  to  prevent  the  formation  of  groups,  or  rather 
to  destroy  the  groups  almost  as  quickly  as  they  are  formed.  All 
those  phenomena  that  depend  upon  the  existence  of  groups  will 
therefore  become  less  prominent  as  the  temperature  rises.  Sooner 
or  later  a  temperature  will  be  reached  where  groups  can  no  longer 


I  e  3  ^4  5  6  ?S<e 

Fig.  64.    Decay  carves  with  and  without  infra-red.     X=:  0.546 /a. 

exist.  At  temperatures  above  this  point  we  should  expect  no  effect 
from  exposure  to  the  infra-red,  and  all  hysteresis  effects  should  dis- 
appear. The  experiments  of  Pierce  show  that  hysteresis  still  per- 
sists in  Balman's  paint  at  133°  C.  No  other  data  bearing  upon 
this  point  are  available. 

It  would  be  a  matter  of  no  great  difficulty  to  develop  the  theory 
of  ionic  groups  in  much  greater  detail  than  has  here  been  attempted, 
for  when  uncomplicated  by  the  effects  of  irregular  distribution  and 
diffusion  the  theory  lends  itself  readily  to  analytical  treatment.  But 
in  view  of  the  small  amount  of  experimental  data  that  are  available  for 
testing  the  conclusions  it  seems  inadvisable  to  carry  the  develop- 
ment further  at  present. 

Summary. 

In  the  case  of  a  homogeneous  substance  having  only  one  band 
in  its  phosphorescence  spectrum  and  uniformly  excited  throughout, 
the  dissociation  theory  first  suggested  by  Wiedemann  and  Schmidt 
leads  to  a  linear  relation  between  /  and  /"~*  during  the  decay  of 
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phosphorescence.^  The  observed  decay  curve,  however  —  L  ^., 
the  curve  obtained  when  /~*  is  plotted  as  a  function  of  /  —  usually 
shows  a  more  or  less  sharp  curvature  in  the  early  stages  of  decay, 
and  only  later  becomes  straight.  Using  the  dissociation  theory  as 
a  basis  the  present  paper  discusses  first  the  influence  upon  the  decay 
curve  of  various  disturbing  factors,  such  as  absorption  of  the  excit- 
ing and  emitted  light,  diffusion,  etc.  The  paper  then  discusses  the 
effect  upon  the  various  phenomena  of  phosphorescence  of  the 
formation  of  complex  ions,  which  are  assumed  to  be  produced  by 
the  attachment  of  simple  ions  to  neutral  molecules ;  and  after  the 
introduction  of  certain  hypotheses  regarding  the  behavior  of  such 
ionic  groups,  an  analytical  theory  is  developed. 

Briefly  the  results  of  the  discussion  are  as  follows  : 

1.  Data  thus  far  obtained  for  the  decay  of  phosphorescence  in  no 
case  definitely  contradict  Becquerel's  explanation  of  the  form  of  the 
decay  curve,  viz.,  that  the  curvature  is  due  to  the  existence  of  two 
bands  in  the  phosphorescence  spectrum.  Several  objections  to 
this  explanation  are,  however,  mentioned.  For  example,  the  fact 
that  the  decay  curve  has  the  usual  form  even  when  precautions  are 
taken  to  study  only  a  single  band  ;  the  fact  that  the  decay  curve  is 
of  the  same  type  for  all  substances  thus  far  studied  ;  and  the  fact 
that  Becquerel's  explanation  takes  no  account  of  hysteresis  phe- 
nomena, the  effect  of  infra-red  rays,  etc. 

2.  It  is  shown  that  lack  of  transparency  in  the  phosphorescent 
substance,  resulting  in  the  absorption  of  either  the  exciting  light  or 
the  emitted  light  or  both,  will  cause  a  slight  curvature  in  the  decay 
curve.  But  the  effect  can  under  no  circumstances  be  sufficient  to 
account  for  the  observed  deviation  from  linearity. 

3.  Lack  of  uniformity  in  the  distribution  of  the  active  material 
throughout  the  mass  of  the  phosphorescent  substance  will  cause  a 
deviation  from  linearity  corresponding  to  that  actually  observed. 
Under  certain  conditions  the  effect  is  the  same  as  though  the  sub- 
stance possessed  two  or  more  bands,  coincident  as  regards  wave- 
length, but  differing  in  rate  of  decay.  It  is  pointed  out  that  such 
a  lack  of  homogeneity  is  to  be  expected  from  the  method  of  prepa- 
ration of  phosphorescent  substances,  and  has  a  great  deal  to  do  with 
the  complexity  of  the  phenomena. 

1  Nichols  and  Merritt,  Phys.  Rev.,  Vol.  22,  p.  279,  1906. 
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4.  Diffusion  of  the  ions  will  produce  effects  similar  to  those 
caused  by  irregularities  in  the  distribution  of  the  active  material 
without  diffusion,  but  the  effects  will  be  more  marked.  An  explana- 
tion of  hysteresis  effects  may  also  be  based  upon  the  presence  of 
diffusion. 

5.  The  assumption  of  complex  or  grouped  ions  is  shown  to  lead 
to  a  law  of  decay  which  agrees  closely  with  experiment.  Ionic 
grouping  also  accounts  satisfactorily  for  the  dependence  of  the  decay 
curve  upon  the  duration  of  excitation  and  the  previous  history  of 
the  substance,  and  for  the  effect  of  exposure  to  the  infra-red. 

The  preceding  discussion  appears  to  justify  the  conclusion  that 
the  dissociation  theory  proposed  by  Wiedemann  and  Schmidt  is 
able  to  account  satisfactorily  for  all  the  phenomena  of  phosphores- 
cence thus  far  studied.  Additional  quantitative  data  are  greatly 
needed,  however,  in  order  to  make  possible  the  further  development 
of  the  theory.  The  present  difficulty  is  not  so  much  in  accounting 
for  the  observed  facts  as  in  discriminating  between  different  hypothe- 
ses that  are  at  present  equally  plausible,  and  in  deciding  to  what 
extent  various  recognized  sources  of  disturbance  are  of  importance. 
The  form  of  the  decay  curve,  for  example,  may  be  accounted  for 
equally  well  by  the  assumption  of  two  bands,  by  an  irregular  dis- 
tribution of  the  active  substance,  by  diffusion,  or  by  ionic  grouping, 
and  is  unquestionably  modified  by  absorption.  No  quantitative 
test  of  either  explanation  is  possible  until  the  relative  importance  of 
the  other  factors  is  known.  It  may  be,  for  instance,  that  diffusion 
does  not  occur  at  all ;  and  it  is  possible,  but  not  probable,  that  the 
disturbances  due  to  lack  of  homogeneity  are  of  no  significance. 
Experiments  that  will  furnish  a  definite  answer  to  questions  of  this 
sort  are  of  the  greatest  importance  in  the  development  of  this  or  any 
other  theory  of  phosphorescence. 
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ON  THE  CHARGES  GAINED  BY  INSULATED  ME- 
TALLIC CONDUCTORS  SURROUNDED  BY  OTHER 
CONDUCTORS  AND  THE  RELATION  OF 
THESE  CHARGES  TO  THE  VOLTA 
EFFECT.^ 

By  J.  K.  Robertson,  M.A. 

I.    Introduction. 

IN  1903  McLennan  and  Burton*  found  that  a  metal  cylinder, 
either  of  lead,  copper,  zinc,  tin  or  aluminium,  placed  within,  and 
insulated  from  an  outer  earthed  one  of  the  same  material  gradually 
acquired  a  negative  charge,  the  value  of  which  steadily  rose  to  a 
maximum  which  varied  with  the  metal.  In  November,  1907, 
McKeon*  published  results  of  experiments  made  concerning  the 
same  effect,  which  are  not  altogether  in  agreement  with  those 
observed  by  McLennan  and  Burton.  He  found,  in  the  case  of  lead 
and  tin  receivers,  that  the  charge  acquired  was  positive.  Further, 
while  the  observations  of  McLennan  and  Burton  extended  only 
over  a  period  of  some  hours,  his  were  continued  for  several  days. 
During  such  an  interval,  moreover,  he  observed  variations  in  the 
value  of  the  charge.  From  his  observations  he  concluded  that 
these  changes  took  place  at  definite  periods  of  the  day,  and,  in 
explanation,  suggested  a  connection  between  them  and  the  diurnal 
variations  in  the  ionization  of  atmospheric  air  to  which  attention  has 
been  drawn  by  Campbell  and  Wood  *  and  others. 

In  view  of  the  lack  of  agreement  existing  between  the  two  sets 
of  observations,  the  writer  undertook  to  make  a  closer  examination 
of  the  effect  in  order  to  ascertain,  (i)  its  cause,  and  (2)  its  relation 
to  variations  in  the  earth's  penetrating  radiation  and  to  the  daily 
changes  in  the  ionization  of  the  atmosphere  noted  above. 

^  Communicated  by  Prof.  J.  C.  McLennan. 
*Phil.  Mag.,  September,  1903. 
'Phys.  Rkv.,  November,  1907. 
*Phil.  Mag.,  February,  1907. 
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On  making  a  rather  exhaustive  set  of  observations  with  different 
metals,  it  was  found  that  the  sign  of  the  charge  acquired  by  the 
insulated  cylinder  varied  largely  with  the  treatment  to  which  the 
surfaces  of  the  outer  and  inner  cylinders  were  subjected.  For 
example,  it  was  found  possible,  with  two  particular  pairs  of  cylin- 
ders, to  alter  the  sign  of  the  charge  merely  by  thoroughly  cleaning 
the  surfaces.  A  summary  of  the  results  obtained  in  a  variety  of 
cases  is  given  in  Table  I.  (p.  404)  and  it  will  be  seen  from  it  that  a 
close  connection  exists  between  the  surface  condition  and  the  nature 
of  the  charge  acquired. 

Variations  with  time  in  the  magnitude  of  the  charge  were  also 
observed  in  a  number  of  cases,  but  these,  in  so  far  as  the  obser- 
vations extended,  were  not  such  as  to  indicate  any  marked  perio- 
dicity. In  only  one  case,  that  of  lead  no.  i  in  lead  no.  2,  were 
observations  made  for  a  very  extended  period  of  time,  and  the 
resulting  curve  (vide  Fig.  i)  although  showing  marked  variations' 
would  hardly  indicate  the  presence  of  definite  periodic  changes. 


i2 
I 


«  24  8  m  24  a  m  24  8 

Wednesday.        Lead  Na  t  In  Lead  Na  2.        Time  of  day  24  hour  sys*jem 

Fig.  1. 

Throughout  the  investigation  the  Volta  effect  seemed  to  be  of 
considerable  importance,  so  much  so  that  the  writer  was  led  to 
undertake  a  series  of  experiments  to  determine,  if  possible,  by  a 
somewhat  similar  method,  the  contact  potential  difference  between 
two  metals.     A  few  measurements  have  been  made,  and  these  seem 
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to  indicate  that,  in  this  latter  investigation  at  any  rate,  secondary 
radiation  is  a  very  important  factor  in  modifying  results  arising  from 
the  Volta  effect 

11.    Experiments  —  Metal  Effect. 

In  carrying  out  the  investigation,  an  attempt  was  made  to  ex- 
amine as  many  combinations  of  cylinders  as  possible,  and  use  was 
made  of  the  following  materials:  (i)  four  outer  and  two  inner 
cylinders  of  lead.  These  were  made  of  lead  selected  at  random 
from  different  sheets  taken  from  stock  of  the  laboratory  workshop ; 
(2)  two  outer  and  two  inner  ones  of  tin,  all  made  out  of  the  same 
sheet  of  the  substance ;  (3)  an  outer  and  an  inner  of  zinc,  made 
from  two  entirely  different  sheets  of  the  metal. 

An  effort  was  also  made  to  ascertain,  if  possible,  the  connection 
between  the  surface  condition  of  the  metals  and  the  sign  and  nature 
of  the  charge  gained  by  the  inner  cylinder.  To  accomplish  this, 
cylinders  were  washed  with  different  solutions  and  abraded  to  a 
greater  or  less  extent  with  emery  paper.  Sets  of  observations  were 
also  taken  with  cylinders  coated  with  aluminium  and  with  bronze 
paints. 

The  outer  cylinders  were  about  60  cm.  long  and  25  cm.  in 
diameter,  the  inner  ones  two  or  three  centimeters  shorter  and  about 
1 5  cm.  in  diameter.  Larger  ones  were  made  in  one  or  two  cases, 
by  joining  two  outer  ones  and  two  inner  ones  together,  so  as  to 
ascertain  in  this  way  the  effect  of  varying  the  size  of  the  cylinders. 

Method  of  Experimenting,  —  The  method  of  measuring  the  charge 
was  essentially  the  same  as  that  employed  by  the  previous  investi- 
gators. The  inner  cylinder  was  insulated  from  the  outer  by  means 
of  paraffin  blocks,  and  the  charge  acquired  measured  by  a  sensi- 
tive quadrant  electrometer.  Connection  was  made  as  shown  in  Fig. 
2.  The  lid  at  one  end  of  the  outer  cylinder  had  a  cylindrical  pro- 
jection of  the  same  material,  which  was  inserted  into  a  box  lined 
with  tin  foil.  This  box  contained  the  special  arrangement  devised 
by  Professor  McLennan  ^  for  making  and  breaking  the  earth  con- 
nection of  one  pair  of  quadrants  without  altering  the  capacity  of  the 
system.     To  one  end  of  the  inner  cylinder  was  soldered  a  piece  of 

1  Phys.  Rev.,  March,  1905. 
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metal  of  the  same  material,  which  also  projected  into  the  box,  and 
was  joined  to  the  **  make  and  break."  The  inner  cylinder  and  all 
wires  connecting  it  to  the  electrometer  were  screened  from  electro- 
static disturbances  by  means  of  earthed  conductors. 


ToEctfii 


Fig.  2. 

The  electrometer  used  was  of  the  Dolezalek  type,  the  quadrants 
being  insulated  with  ebonite  supports,  and  it  had  a  sensibility  such 
that  for  a  potential  of  one  volt  it  gave  a  deflection  of  about  600  mm, 
on  a  scale  about  one  meter  from  the  needle.  A  few  readings  were 
taken  with  another  instrument  of  the  same  type  with  amber  sup- 
ports. No  difference  was  observed,  however,  between  the  results 
obtained  with  the  two  instruments. 

The  chief  difference  between  this  arrangement  and  that  of  the 
previous  investigators  lay  in  the  fact  that  they  used  air-tight  re- 
ceivers, while  those  of  the  writer  were  not  hermetically  sealed. 
This  is  of  some  importance,  as  it  has  been  shown  ^  that  the  conduc- 
tivity of  air  enclosed  in  a  metallic  receiver  gradually  increases  with 
the  time  it  is  confined.  Meteorological  conditions  might  also  have 
a  disturbing  influence. 

III.  Discussion  of  Results. 
{a)  Change  of  Sign  of  Charge  Acquired  by  the  Insulated  Cylinder, 
—  A  glance  at  Table  I.  will  show  the  great  variation  observed  in  the 
sign  of  the  charge  acquired  by  the  respective  insulated  cylinders. 
Even  with  a  selected  combination  of  cylinders,  the  sign  acquired 
was  not  always  found  to  be  the  same,  for,  in  some  cases,  it  was  pos- 
sible to  reverse  the  sign  by  simply  cleaning  the  metals.  Lead  no.  i 
*  McLennan  &  Burton,  Phys.  Rev.,  Vol.  XVI.,  No.  3,  1903. 
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No. 

Combination. 

Sign  of 
Charge 

of  Insu- 
lated 

Cylinder. 

Maximum  and 
Minimum  Values 

of  Potential  of 
Insulated  Cylin- 
der in  Millivolts. 

102  approz. 

Remarks. 

1 

Lead  no.  1  in  no.  2 

+ 

Needle  positive 

2 

do 

+ 

113 

Needle  negative.  Same  day  as 
no.  1 

3 

do 

+ 

79,  72,  78 

Needle  positive.  Radium  used. 
Four  days  after  no.  1 

4 

do 

— 

46,32 

After  cleaning.  Radium  used, 
needle  positive 

5 

do 

— 

45,  41  approx. 

Needle  negative.     Radium  used 

6 

do 

— 

3L8 

One  day  after  no.  4 

7 

do 

— 

29  approx. 

Radium  inside  inner  cylinder.  One 
day  after  no.  6 

8 

do 

— 

27,  24,  25 

Four  days  after  no.  4.  Radium 
used 

9 

do 

— 

13 

Twenty  days  after  no.  4 

10 

Lead  no.  1  in  no.  1 

-1- 

84.6,  83,  31 

Fourteen  days  after  no.  4.  Outer 
no.  1  had  not  been  cleaned  for 
some  months 

11 

Lead  no.  1  in  no.  3 

+ 

59,  58,  55 

Radium  used  but  removed  between 
the  values  58  and  55 

12 

do 

+ 

22,9 

Radium  used.  Lead  no.  1  had 
been  cleaned  about  7  days 

13 

do 

+ 

42.5,  41 

Fourteen  days  after  no.  12 

14 

Lead  no.  2  in  no.  3 

-" 

50 

Radium  used,  inner  cylinder  had 
been  abraded  with  emery  paper 

15 

Double     combina- 
tion.    Lead  no. 
1  in  lead  no.  2. 
Lead    no.    2  in 
lead  no.  3 

27.2,  21 

Radium  used.  Eleven  days  after 
no.  4,  and  four  days  after  no.  14 

16 

do 

- 

13,5 

Two  days  after  no.  IS 

17 

Lead  no.  2  in  no.  4 

+ 

174,  160 

Cleaned  one  day  before 

18 

do 

— 

268.7 

One  day  after  no.  17 

19 

do 

+ 

105,  70 

Three  days  after  no.  17 

20 

do 

+ 

105,  70 

Five  days  after  no.  17 

21 

do 

+ 

105,  70 

Six  days  after  no.  17 

22 

Lead   coated   with 
aluminium  paint. 
No.  2  in  no.  4 

22.6 

23 

Same   combination 
plus  two  coats  of 
bronze  paint 

+ 

75 

24 

do 

+ 

125 

One  day  after  no.  23 

25 

Tin  no.  1  in  tin  no.  1 

— 

83,  66,  85 
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Table  I.  —  Continued. 


No. 

Combination. 

Sififn  of 
Chargre 

of  Insu- 
lated 

Cylinder. 

Maximum  and 
Minimum  Values 

of  Potential  of 
Insulated  Cylin- 
der in  Millivolts. 

Remarks. 

26 

Tinno.  2mtioDO.  2 

— 

91,  48,  89 

Nos.  1  and  nos.  2  were  made  out 
of  the  same  sheet  of  tin 

27 

Double     combina- 
tion.    Tin  no.  1 
+  tin  no.  2  in  tin 
no.  1  +  tin  no.  2 

94 

Two  days  after  no.  26 

28 

Tin  no.  2  in  tin  no.  2 

+ 

171,  38 

After  cleaning 

29 

do 

+ 

82 

One  day  after  no.  28 

30 

Tinno.  1  in  tin  no.  1 
both  coated  with 
aluminium  paint 

162 

Eleven  days  after  no.  25 

31 

do 

— 

156,  155 

One  day  after  no.  30 

32 

Same  combination 
coated  with  tin- 
foil. 

36.4,  25.5 

33 

do 

— 

27.2 

One  day  after  no.  32 

34 

Same    con^bina- 
tion  with  tinfoil 
scraped  off 

76,60 

35 

Combination  no.  34 
plus   a    coat  of 
bronze 

91,66 

Five  days  after  no.  34.  At  first  a 
small  positive  charge  indicated 

36 

do 

~" 

103 

Two  days  after  no.  35.  At  first 
a  small  positive  charge 

37 

Zinc  in  zinc 

+ 

92,51 

Cleaned  before  using.    The  inner 
and  outer  cylinders  were  not  ou 
'  of  same  sheet 

38 

Zinc  in  zinc,  both 
covered  with  one 
coat  of  alumin- 
ium paint 

+ 

189,  175 

Two  days  after  no.  37 

39 

Zinc  in  zinc,  both 
coated  with  two 
coats  of  alumin- 
ium paint 

Off  the  scale,  475 

Three  days  after  no.  38 

40 

do 

— 

Off  the  scale,  740 

Four  days  after  no.  39 

in  lead  no.  2  (vide  Table  I.,  nos.  3  and  4)  changed  from  positive  to 
negative,  after  the  cylinders  had  been  thoroughly  cleaned  by  being 
abraded  with  emery  paper,  and  then  washed  with  distilled  water, 
dilute  hydrochloric  acid,  water,  ammonia,  water  and  alcohol.     On 
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the  other  hand,  tin  no.  2  in  tin  no.  2  was  reversed  from  negative  to 
positive,  after  being  washed  in  the  same  manner  (vide  Table  I.,  nos. 
26,  28,  and  29). 

In  all  cases  where  the  inner  and  outer  cylinders  were  known  to 
be  of  the  same  composition,  namely,  tin  no.  i,  tin  no.  2,  and  tin  no. 


two 


(2 


^  3  4  5  e        Hours 

La0tf  No.  I  In  Lead  Na  Q. 
Fig.  3. 


I,  with  its  various  coats  of  paint,  with  the  single  exception  of  the 
cleaned  tin,  the  sign  was  negative.  Whenever  the  outer  and  inner 
cylinders  were  not  of  exactly  the  same  material,  there  would  be  a 


s 


t;K» 


3  00 


2  3  4  Hours 

Tin  N<x  2  In  Tin  Na  2 
Fig.  4. 

contact  potential  difference,  and  in  all  such  cases  this  would  be  an 
important  factor  in  determining  the  nature  of  the  charge  acquired. 
Assuming  that  there  was  a  negative  effect  due  to  another  cause,  this 
Volta  effect  would  explain  the  variations  in  the  sign  for  many  other 
combinations,  and  also  for  the  change  from  positive  to  negative  of 


Digitized  by 


Google 


No.  50 


CHARGES  GAINED  BY  CONDUCTORS, 


407 


the  lead  combination  after  cleaning.  It  would  not,  however,  explain 
the  change  from  negative  to  positive  of  the  tin  combination  after 
cleaning,  unless,  indeed,  we  are  to  suppose  that  it  was  possible  to 

Table  II. 

Lead  No,  1  in  Lead  No,  2.      H^ithout  Radium, 


Time. 

Dsflsction 
(In  Millivolts). 

Time. 

Deflection 
(in  Millivolts). 

50 

sec. 

6  positive 

19inin 

45  sec. 

76  positive 

Imin 

.20 

11 

26    " 

50    " 

84       '« 

2    " 

15 

17         " 

36    " 

45    " 

91       " 

2    " 

55 

21         " 

58    " 

15    " 

96       '* 

4    " 

8 

27         *' 

79    *' 

10    " 

96       " 

4    " 

52 

32        " 

1   lhr.30    " 

97       " 

6    " 

5 

38        '* 

1  "   43    " 

97       " 

7    " 

5 

42        " 

3  "   16    " 

100       " 

9    " 

7 

51        " 

5  ''  37    " 

102       ** 

11    " 

5 

57        " 

'  6  "   18    " 

108       '* 

14    " 

10 

65        " 

1  18  "  22    *' 

113       " 

select  two  pieces  of  tin  from  the  same  sheet  which  differed  in  con- 
stitution and  structure  sufficient  to  exhibit  a  contact  difference  of 
potential.  It  would  also  not  explain  the  different  sign  of  lead  no. 
2  in  lead  no.  4  (vide  Table  I.,  nos.  17  and  18)  on  two  successive 
days,  nor  the  change  from  negative  to  positive,  when,  to  the  same 
combination  of  cylinders  coated  with  aluminium  paint,  was  added 
two  coats  of  bronze  (vide  Table  I.,  nos.  22  and  23). 

Table  III. 

Lead  No.  1  in  Lead  No.  2.      IVUh  Radium, 
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In  the  case  of  the  tin  combination  coated  with  aluminium  and 
with  bronze  paints,  at  first  a  small  positive  charge  was  observed, 
which  slowly  changed  into  a  comparatively  large  negative  one.    This 


i 

12 
I 


/  Q  3         Hours 

Tin  No.  J  in  Tin  No  I  ♦  Aluminium  Paint 
Fig.  5. 

was  observed  on  two  different  days,  and  would  seem  to  indicate  the 
presence  of  two  opposing  influences,  one  of  which  became  insig- 
nificant as  time  went  on. 

(6)  Extent  of  the  Charge  and  Variation  in  its  Magnitude  with  Time. 
—  The  charges  in  all  the  experiments  were  found  to  rise  with  vary- 


•K» 


i 


2 

Zinc   in   Zinc 

Fig.  6. 


ing  rates  to  their  maximum  values.  These  rates,  however,  were 
found  to  be  very  greatly  increased  by  the  presence  of  radium  bro- 
mide.   Typical  sets  of  readings  showing  the  rates  at  which  the  charge 
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was  acquired  with  and  without  radium  are  given  in  Tables  11.  and 
III.  Other  sets  of  readings,  illustrating  various  phases  of  the  work 
are  given  in  Tables,  II.,  IV.,  V.,  VI.,  VII.  and  VIII.,  from  which 
the  curves  shown  in  Figs.  3,  4,  5,  6,  7  and  8  are  plotted. 

Table  IV. 

Tin  No.  2  in  Tin  No,  2.      Without  Radium, 


Time. 

Deflection 
(in  Millivolts). 

Time. 

1 

Deflection 

(in  Millivolts). 

1}  min. 

8  positive 

1                33  min. 

65  positive 

2}     *' 

15         " 

44    - 

70 

4       " 

22 

1                78    " 

76        *« 

Si    " 

28 

lhr.40    •* 

80        " 

6i    " 

33 

2  .1     51. 

80 

9}     " 

42        •' 

1       2  "  39    " 

82 

11}    " 

47        " 

2  «*  51    " 

82 

19      " 

58        •' 

4  "     1    '* 

82        " 

Like  McLennan  and  Burton,  the  writer  found  that  the  extent  of 
the  charge  varied  little  with  the  size  of  the  cylinders  and  with  the 
sign  of  the  charge  on  the  needle  of  the  electrometer.     A  double 

Table  V. 

Outer  Cylinder ^Tin  No,  1  -f-  Aluminium  Paint,     Inner  Cylinder— Tin  No,  1  4- 
Aluminium  Paint,     IVithout  Radium, 


Time. 

Deflection  (Millivolts). 

Time. 

Deflection  (Millivolts). 

1  min. 

7  negative 

11}  min. 

88  negative 

li    " 

12 

14J    " 

103 

1}    " 

17         " 

17f    " 

116 

3      *' 

28 

24J    '* 

133 

4      " 

38        " 

36      " 

149 

5J    " 

50 

50}    " 

158 

6i    " 

60 

Ihr.  3      " 

161 

7}    " 

67 

2  i«     1      a 

162 

10     " 

80 

combination  was  made  by  joining  the  two  inner  tin  cylinders  to- 
gether by  means  of  a  piece  of  tin  soldered  to  each,  and  also  by 
joining  in  a  similar  way  the  two  outer  ones.  With  such  an  ar- 
rangement, the  magnitude  of  the  charge  acquired  (—  94  millivolts) 
was  about  the  same  as  the  maximum  values  for  each  combination 
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separately,  namely,  —  85  and  —91    millivolts  (vide  Table  I.,  nos. 
25,  26,  27 ;  see  also  nos.  4,  14,  15,  and  compare  Figs.  3  and  8). 

The  maximum  value,  it  will  be  seen   (vide  Table   I.),  varied 
greatly  with  different  combinations,  and  also  was  different  at  differ- 


^  BO 


i  3  6  7  Hours 

Tin  No.  a  In  Tin  No.  2. 

Fig.  7. 

cnt  times  of  observation  for  the  same  combination.  A  good  ex- 
ample of  this  latter  effect  is  to  be  found  in  the  case  of  lead  no.  i  in 
lead  no.  2  (vide  Table  I.,  nos.  4,  5,  6,  7,  8  and  9).  Shortly  after  the 
cylinders  had  been  cleaned  the  maximum  negative  charge  acquired 


i 


'334  Hours 

Tin:  Double  Combination. 

Fig.  8. 

was  46  millivolts,  one  day  later  the  value  was  32,  four  days  later 
27,  and  twenty  days  later  only  13.  Another  good  illustration  of 
this  is  the  case  of  lead  no.  i  in  lead  no.  3  (vide  Table  I.,  nos.  12 
and  13),  where  the  maximum  value  of  the  positive  charge  increased 
in  fourteen  days  from  22  to  42  millivolts. 


Digitized  by 


Google 


No.  5.] 


CHARGES  GAINED  BY  CONDUCTORS, 


411 


These  results  would  seem  to  indicate  the  growth  of  a  deposit  or 
deposits  removable  by  cleaning,  which  resulted  in  the  insulated  cyl- 
inders gaining  a  positive  charge,  and  here  we  may  have  an  explana- 
tion of  the  high  positive  charge  which  McKeon  found  for  his  lead 

Table  VI. 

Zinc  in  Zinc,      Without  Radium, 


Time. 

Deflection  (Millivolts). 

Time. 

Deflection  (Millivolts). 

3J  min. 

8  positive 

36i  min. 

72  positive 

6J     " 

16       '* 

50J    " 

83        " 

8J    - 

23      " 

6aj  " 

88       *' 

llj    " 

33      " 

Ihr.  17J    *' 

92       " 

16i    " 

42      " 

1"    35      " 

86       *' 

19      " 

49      " 

2" 

71       " 

25J    " 

62      " 

2"  47      " 

51       " 

combination.  It  is  known  that  on  old  lead  such  as  McKeon  used, 
radioactive  deposits  are  gradually  formed,  and  on  this  account, 
there  would  be  an  emission  of  charged  particles  from  both  the 
inner  and  the  outer  cylinders.  It  is  evident  that  this  might  result 
in  a  difference  in  the  number  of  charged  particles  coming  to  the 

Table  VII. 

Tin  No.  2  in  Tin  No,  2.      Without  Radium, 


Time. 

Deflection  (Millivolts). 

Time. 

Deflection  (MlUivolts). 

3}  min. 

9  negative 

86i 

min. 

89  negative 

10      " 

18 

1  hr.  33} 

<< 

85 

13J    " 

25        " 

1  "    38} 

<< 

79        " 

18}    " 

33        " 

1  "   43 

<< 

72       " 

23|    " 

42        " 

2  •'     3 

<< 

48        " 

27}    " 

49        " 

3  "    U 

«< 

52        " 

35i    " 

59       " 

4  "    13 

(< 

75        " 

4U    " 

65        " 

5  " 

81 

50J    «' 

75        *' 

5  "   57 

f  < 

85       ** 

6H    " 

82        " 

6  "   27 

<< 

86       " 

74}    - 

89        "                 : 

6  "    47 

(( 

88        " 

80J    - 

91        »               ! 

7  "   12 

<< 

89 

insulated  cylinder  and  in  the  number  leaving  it.  It  could  then 
happen  that  the  insulated  cylinder  would  acquire  a  positive  charge, 
the  magnitude  of  which  would  be  largely  determined  by  the  nature 
of  the  active  deposits. 
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It  was  found,  too,  that  the  charge  did  not  always  remain  at  a 
maximum  value.  With  some  cylinders  it  gradually  decreased  in 
amount,  and,  in  a  few  of  these  cases,  a  second  rise  was  observed 
(vide  Figs.  6  and  7).  As  noted  above,  with  the  combination  lead 
no.  I  in  lead  no.  2,  observations,  for  which  the  values  are  given  in 
Table  IX.  and  the  curve  representing  them  is  shown  in  Fig.  i,  were 
continued  for  an  extended  period  of  time.  As,  in  this  case,  con- 
siderable variations  were  observed,  it  is  possible  that  all  the  others 

Table  VIII. 

Tin  No.  1  -}-  Tin  No,  2  in  Tin  No,  1  -\-  Tin  No.  2.      Without  Radium. 


Ti 

me. 

57 

Deflection  (Millivolts).    ,| 

Time. 
521 

min. 

Deflectio 

71 

D  (Millivolts). 

sec. 

8  negative           i] 

negative 

2  min. 

50 

(< 

15.5 

74i 

77 

5     - 

5 

it 

23 

Ij 

2hr.    5 

87 

n  - 

31 

«               '1 

2  "   34 

90 

104  " 

39 

'1 

3  "     5 

91 

IS     " 

46.5 

"               .i 

4  "     1 

94 

201  " 

54 

It                ' 

4  "     2i 

93 

29f  " 

62 

•*               li 

would  have  exhibited  similar  changes,  had  the  observations  been 
continued  long  enough.  With  these  lead  cylinders,  which  were 
freshly  cleaned  the  day  before  readings  were  commenced,  the  high- 
est maximum  value  of  the  negative  charge  acquired  was  about  64 
millivolts  (a  scale  deflection  of  about  33  mm.).  At  the  end  of  the 
period  of  67  hours,  it  was  found  that  the  zero  had  drifted  6.5  mm. 
to  the  negative  side.  The  readings  given  in  Table  IX.,  however, 
were  all  corrected  for  this  change  in  zero,  and  also  for  a  gradual 
change  in  the  sensibility  of  the  electrometer  due  to  a  dropping  in 
the  potential  of  the  storage  cells  used  to  charge  the  needle,  from  170 
volts  to  144  volts. 

In  one  or  two  cases  where  a  drop  from  the  initial  maximum 
charge  occurred,  it  was  observed  that,  for  the  same  combination,  on 
different  days  the  drop  was  not  always  in  evidence  (see  Table  I., 
compare  nos.  28,  29  and  nos.  32,  33).  After  the  cylinders  had 
been  cleaned,  tin  no.  2  rose  in  about  4  hours  to  a  maximum  of  171 
millivolts,  and  then  dropped  to  38.     The  next  day,  in  the  same 
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Table  IX. 

Lead  No,  1  in  Lead  No,  2. 


Deflection 

Time. 

(Reduced  to 
Millivolts). 

Wednesday  4.01  p.  m. 

0 

It 

4.02     *' 

2 

(( 

4.03     *' 

5 

<( 

4.05     " 

8 

(1 

4.08     " 

11 

i( 

4.11     " 

13 

i< 

4.17     " 

16 

(1 

4.22     " 

18 

<< 

4.31     " 

21 

« 

4.44     " 

25 

(< 

4.48     " 

27 

<( 

4.S5     " 

29 

It 

5.05    " 

32 

<i 

5.17    " 

33 

(< 

5.25    " 

34 

i< 

6.24    " 

40 

II 

7.06    " 

42 

(1 

7.25     " 

43 

Thursday  12.30  a.  m. 

36 

II 

1.00    '* 

34 

f< 

1.40    " 

33 

(( 

1.52    " 

33 

(1 

2.55    « 

34 

11 

3.55    " 

34 

II 

4.55    " 

33 

<i 

6.00    " 

33.5 

ii 

7.00    " 

33 

i< 

8.00    " 

33 

«< 

8.48     " 

29 

II 

9.37     " 

33 

II 

10.08    " 

34.5 

«( 

10.40    " 

33 

II 

10.52    " 

32 

i< 

11.20    " 

33.5 

II 

12.10  p.  m. 

36 

II 

12.50     " 

39 

II 

2.06    « 

42 

i< 

2.45     " 

46 

II 

2.55     " 

47.5 

(1 

3.49    « 

50.5 

II 

4.10    " 

55 

^< 

4.37    " 

53 

If 

5.46    *' 

SO 

i< 

7.06    " 

50 

II 

8.04    " 

52 

Time. 

Deflection 
(Reduced  to 
Millivolts). 

Thursday   9.05  p.  m. 

52.6 

10.00     " 

54 

11.05    " 

54.6 

12.00    '* 

56 

Friday      1.05  a.  m. 

57 

2.00     ** 

59 

3.05     *' 

60.5 

4.00     " 

62 

5.05    " 

63 

6.00    '* 

63 

II          7  00    II 

63.5 

7.30    " 

63.3 

8.37    '* 

64 

10.10    " 

64 

10.24    " 

61 

10.34    " 

60 

11.19    " 

63 

11.54    " 

56 

12.39  p.  m. 

55 

12.54    " 

55.6 

1.55     " 

57.5 

2.25     «' 

58 

2.52    " 

59.5 

3.30    " 

60 

4.26    " 

57.5 

"          4.43     " 

58 

6.18     " 

58 

7.05     '* 

58 

8.00    " 

56 

9.05     " 

53 

10.00    " 

51 

11.00    " 

48.7 

11.30    *' 

47.7 

12.00  a.  m. 

47 

Saturday    1.05     " 

47 

"          2.00     " 

41.7 

3.10     " 

37.9 

4.00    " 

37.8 

5.05    «' 

35 

6.00    '* 

34 

7.00    " 

32.8 

8.48    «' 

31.2 

9.51    " 

31.4 

10.53    *' 

30.1 
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time,  it  rose  steadily  to  82  millivolts.  It  is,  of  course,  possible,  that 
had  the  observations  been  continued  long  enough  a  drop  might 
have  been  observed  here  too,  and  it  should  be  mentioned  that  the 
former  set  of  observations  was  taken  between  3  p.  m.  and  7:30 
p.  m.,  while  the  latter  were  taken  between  9:30  a.  m.  and  2  p.  m. 
McKeon's  explanation  of  these  results  as  being  due  to  daily  varia- 
tions in  an  external  cause  is  possible,  but  it  would  seem  that  a  more 
probable  one  is  found  in  a  change  taking  place  in  the  surface  of  the 
metals,  perhaps  arising  from  modifications  in  the  state  of  the  at- 
mospheric air. 

{c)  Variation  in  the  Magnitude  of  the  Charge  with  the  Intensity  of 
Penetrating  Rays.  —  McKeon  attributed  the  variations  which  he 
observed  to  changes  in  the  amount  of  ionization  of  the  enclosed  air. 
That  this  cannot  be  the  cause  is  shown  by  the  fact  that,  while  the 
presence  of  the  radium  affects  very  greatly  the  rate  at  which  the 
charge  is  acquired,  it  modifies  but  little  the  maximum  value.  This 
was  observed  by  McLennan  and  Burton,  as  well  as  by  the  writer. 

McLennan  and  Burton  also  found  that,  when  the  cylinders  were 
placed  in  a  tank  filled  with  water,  the  layer  of  water  being  1 3  cm. 
thick,  the  maximum  value  of  the  charge  was  unchanged.  By  this 
means  the  natural  radiation  was  lessened,*  and  yet  the  charge 
remained  the  same. 

To  further  investigate  the  effect  of  varying  the  amount  of  ioniza- 
tion, some  measurements  were  made  on  the  charge  acquired  by  the 
inner  of  two  lead  cylinders  when  some  radium  in  a  small  glass  tube 
was  placed  within  the  inner  one  and  successively  surrounded  with 
a  series  of  different  thicknesses  of  sheet  lead.  In  each  case  the 
charge  acquired  by  the  insulated  cylinder  rose  in  half  a  minute  or 
less  to  a  maximum  value.  From  Table  X.  a  comparison  can  be 
made  of  the  values  of  the  charge  acquired  in  each  case,  and  of  the 
relative  intensities  of  the  radiation  used  to  hasten  the  action.  The 
intensities  were  compared  by  placing  the  radium  with  its  different 
coverings  at  a  fixed  point  near  the  electrometer,  and  measuring  the 
current  from  the  needle  to  the  free  quadrants. 

It  will  be  seen  that  while  there  were  slight  changes  in  the  value 

*  Univ.  of  Toronto  Studies,  Phys.  Science  Series,  No.  2;  also  Phys.  Rev.,  Vol.  XVI., 
No.  3,  p.  184,  1903. 
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of  the  charge  acquired,  these  were  by  no  means  proportional  to  the 
changes  in  the  intensity  of  the  radiation. 


Table  X 

Remarks  on  Manner  of 

Lrimlting  Charge. 
Arbitrary  So 

Negative 

Intensity  of  Radiation 
Arbitrary  Scale. 

Screening:  Radium. 

ale. 

I.  In  glass  tube 

7.0 

304 

2.  First  covering  of  lead 

7.0 

210 

3.  Second  covering 

6.8 

188 

4.  Third  covering 

1st  reading 

6.8 

167 

2d  reading 

6.5 

167 

5.  Fourth  covering 

1st  reading 

6.2 

135 

2d  reading 

6.7 

135 

One  must  conclude,  therefore,  that,  although  variations  do  occur 
in  the  charge  acquired  by  the  inner  insulated  cylinder  in  combina- 
tions such  as  those  investigated,  these  variations  cannot  be  due  to 
changes  in  the  amount  of  ionization  produced  by  the  earth's  pene- 
trating rays.  They  may  possibly  be  due,  however,  to  some  changes 
in  the  surface  of  the  metals  themselves,  or  to  changes  in  the  radia- 
tions given  off  by  these  metals. 

It  is  possible  that  further  light  may  be  thrown  on  these  experi- 
ments by  measurements  similar  to  a  series  which  the  writer  has 
recently  made  in  seeking  to  determine  the  contact  potential  differ- 
ence between  two  metals,  by  using  a  modification  of  the  apparatus 
used  in  the  early  part  of  this  investigation. 

IV.  VoLTA  Effect. 
In  these  experiments  the  following  apparatus  (Fig.  9)  was  used : 
A  circular  copper  plate  AB  about  9  cm.  in  diameter  was  joined 
to  the  electrometer  by  means  of  a  conductor  of  the  same  material, 
insulated  from  a  surrounding  earthed  tube  by  means  of  amber.  A 
box  CC ^  DD' ^  also  of  copper,  served  as  a  guard  ring  to  the  plate 
AB,  and  as  a  screen  from  electrostatic  disturbances.  Above  the 
plate  AB  and  insulated  from  it  by  small  amber  supports,  a  second 
plate  HK  of  a  selected  metal  was  placed,  and  this  was  kept  joined 
to  earth  while  experiments  with  it  were  being  made.  Over  all  a 
wooden  box  MAT ,  NN',  lined  with  tin  foil,  was  placed  to  complete 
the  electric  screening. 
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With  both  the  plates  AB  and  HK  joined  to  earth,  on  account  of 
the  contact  potential  difference  between  them,  there  would  be  a  cur- 
rent set  up  between  them,  if  any  free  ions  existed  in  the  intervening 
space.  If,  with  this  arrangement,  the  earth  connection  to  the  lower 
plate  were  broken,  this  plate  would,  as  a  result  of  the  current, 
acquire  a  charge  which  would  tend  to  annul  the  original  contact 


M 


/V- 


A. 


s 


Fig.  9. 


difference.  It  was  therefore  thought  that,  by  placing  a  strong  ion- 
izing agent,  such  as  radium,  above  the  plates,  the  needle  would,  on 
breaking  the  earth  connection  to  the  lower  plate,  at  once  take  up  a 
maximum  deflection,  and  so  give  a  measure  of  the  contact  difference. 

It  was  found  that,  by  using  strong  radium  near  the  plates,  the 
lower  one  did  acquire  in  a  very  few  minutes  a  maximum  charge. 
It  was  found,  too,  that  as  the  radium  was  removed  farther  and 
farther  from  the  apparatus,  the  rate  at  which  this  maximum  was 
reached  became  slower  and  slower. 

It  has  been  found,  however,  as  a  result  of  the  experiments  so  far 
performed,  that  the  value  of  this  maximum  charge  varied,  (i)  with 
the  material  and  the  thickness  of  the  upper  plate,  (2)  with  the  dis- 
tance between  the  plates,  (3)  with  the  distance  of  the  radium  from 
the  plates. 

Table  XI. 


Upper  Plates  (Lower 
Plate  Copper). 

Aluminium 

Zinc  (thia) 

Zinc  (thick) 

Lead 

Copper  (thin) 

Copper  (thick) 


Sign  and  Magnitude  of  Charge  Acquired  by  Free  Copper  Plate, 

a  mm.  Apart,  Millivolts.  xo  mm.  Apart,  Millivolts. 

-  9  +289 

+  4  +277 

-15  +261 

+38  +212 

"68  -  79 

-85  -  48 
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Table  XI.  gives  the  results  of  some  measurements  made  by  using 
different  upper  plates.     The  metals  are  arranged  in  the  order  in 
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20       Distance  in  mlUlmcLros 
Upper  Plate  -Zinc. 

Fig.  10. 


which  they  occur  in  the  Volta  series,  and  it  will  be  seen  from  the 
values  of  the  maximum  potentials  recorded  that  other  influences 
besides  the  Volta  effect  must  have  contributed  to  the  result.     The 
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20       Distance  In  milUmetres/     40 
Upper  Plate -Copper. 

Fig.  11. 


values*  obtained  are  very  much  lower  than  the  contact  potential 
differences    usually  recorded.     Further,  although   aluminium   and 
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zinc  come  higher  in  the  contact  series  than  lead,  yet,  when  the 
plates  were  2  mm.  apart,  lead  gave  a  higher  positive  potential  to 
the  copper  plate  than  either  of  them.  Indeed,  aluminium  and  the 
thicker  zinc  plate,  as  will  be  seen,  gave  a  slightly  negative  value  to 
it.  With  both  the  zinc  and  copper  plates,  an  increase  in  the  thick- 
ness resulted  in  an  increased  negative  charge  on  the  free  copper  plate. 
It  will  be  observed,  also,  that  when  the  plates  were  lo  mm.  apart, 
there  was  a  marked  positive  increase  in  the  values.  This  was  more 
carefully  investigated  by  taking  a  series  of  measurements  with  differ- 
ent distances  between  the  plates.  The  results  obtained  are  g^ven  in 
Tables  XIL  and  XIII.,  and  are  illustrated  by  the  curves  in  Figs, 
lo  and  II.  It  will  be  seen  that,  as  the  distance  between  the  plates 
was  increased,  the  values  of  the  charge  acquired  became  more  and 
more  positive,  until  a  maximum  point  was  reached,  after  which  the 
values  became  more  negative. 

Table  XII. 

Upper  Plate,     Zinc, 


DittADce  Between  Plates. 

Deflection  for  Thin  Plate. 

Deflection  for  Thick  Plate. 
I  Volt  —  SSP  mm. 

2 

tnin. 

+  30 

mm. 

-f     2   mm. 

3 

69 

t( 

37 

5 

151 

«< 

106 

7 

209.5 

<i 

165.5 

10 

223 

<< 

193 

12 

214.5 

i( 

192.5 

IS 

194 

<< 

176 

17 

183.5 

(« 

168 

20 

163.5 

<< 

148 

25 

132.5 

<( 

123.5 

30 

114 

« 

105.5 

35 

97 

<i 

91 

40 

83 

<< 

77 

In  these  latter  experiments  it  must  be  remembered  that  not  only 
was  the  distance  between  the  plates  varied,  but,  since  the  radium 
was  kept  in  a  fixed  position,  the  distance  from  the  upper  plate  to 
the  radium,  as  a  consequence,  was  varied  also.  That  this  is  an 
important  factor  is  shown  by  the  results  of  some  measurements 
made  with  the  radium  at  various  distances  from  the  plates,  which 
were  kept  at  fixed  distances  apart. 
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The  results  obtained  are  given  in  Tables  XIV.,  XV.  and  XVL, 
and  are  represented  graphically  by  the  curves  in  Figs.  12,  13  and 
14.  From  these  it  will  be  observed  that  as  the  distance  of  the 
radium  was  increased,  there  was  a  gradual  decrease  in  positive  values 
or  an  increase  in  negative  ones  until  a  minimum  point  was  reached. 
After  this  there  followed  a  slight  increase  in  the  positive  or  a 
decrease  in  the  negative  readings.  The  appearance  of  a  final  max- 
imum is  suggested,  but  not  well  marked  by  the  form  of  each  of 
the  curves. 

Table  XIII. 

upper  Plate,     Copper, 


In  order  to  ascertain  exactly  whether  the  potential  acquired  by 
the  free  plate  continued  to  approximate  to  a  final  steady  value,  a  set 


Distance  of  radium 
Zlnc-2  m  m.  from  Copper. 

Fig.  12. 
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of  observations  was  taken  with  the  two  copper  plates  at  2  mm. 
apart,  when  the  radium  was  moved  through  a  more  extensive  range 


DIsUinoe  of  radium 
Zinc- 10 mm.  from  Copper. 
Fig.    13. 


of  distances.  These  results,  which  are  recorded  in  Table  XVIL, 
and  are  represented  by  the  curve  given  in  Fig.  15,  show  that  the 
charge  on  the  free  plate  did  not  continue  to  approach  a  steady  value. 
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Distance  of  radium 
Copper-2  mm.  from  Copper. 

Fig.   14. 
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but  that  as  the  radium  was  removed  very  considerable  variations 
occurred  in  the  magnitude  of  the  charge.  Some  readings  were  also 
taken  of  the  potential  acquired  by  the  free  copper  plate  without  the 
use  of  radium,  when  both  zinc  and  copper  plates  were  placed  at 

Table  XIV. 

upper  Plate,    Zinc,    Distance  Between  Plates  —  2  mm. 


Distance  of 
Radium. 

Deflection, 
z  Volt  —  575  mm. 

Distance  of 
Radium. 

Deflection. 
I  Volt »  575  mm. 

7.3  cm. 

+  32    mm. 

42.9  cm. 

—  49.5  mm. 

14.1    " 

-26      •« 

52.8    *• 

-44.8     " 

19.8    *• 

-42.8  " 

62.8    •* 

-40.4     •* 

24.6   " 

-48.8  '* 

71.2    *' 

-35        " 

32,1   " 

-50.8  •* 

80.2    " 

-33        " 

diflFerent  distances  above  it.  These  results  are  recorded  in  the  first 
column  of  Table  XVIII.  For  the  purpose  of  comparison  the  final 
maximum  values  obtained  in  the  cases  illustrated  by  the  curves 
12,  13  and  14  are  also  recorded  in  the  second  column  of  this 
table.     From  these  results  it  will  be  seen  that  in  every  case  the 

Table  XV. 

Upper  Plate,     Zinc,     Distance  Between  Plates  —  10  mm. 


Distance  of 
Radium. 

Deflection, 
z  Volt  =  5aa  mm. 

+  215.5  mm. 

Distance  of 
Radium. 

Deflection. 
I  Volt  =  52a  mm. 

7.3  cm. 

37.4  cm. 

+  4.5  mm. 

14.4    " 

+  114.5    •« 

42.2   " 

-1        " 

2L9    " 

+    5L5    " 

48.6   '* 

-4        " 

17.6    " 

+   81       " 

56.8   " 

-6         " 

27.5    " 

+   26.5    " 

68.1   " 

-4.5     " 

32.6   '* 

+  n.5  " 

79.6   " 

+  0.5     " 

values  obtained  without  the  radium  were  more  positive  than  those 
obtained  with  it. 

One  would  have  expected  that  as  the  radium  was  removed  the 
values  given  in  Column  II.  of  Table  XVIII.  would  have  approxi- 
mated to  those  obtained  without  the  radium  and  recorded  in  Column 
I.,  but  their  failure  to  do  so  can  probably  be  traced  to  the  difficulty 
experienced  in  obtaining  satisfactory  readings  when  the  radium  was 
placed  at  the  longer  distances  or  entirely  removed.     Under  these 
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circumstances  the  rate  of  deflection  was  exceedingly  slow  and  con- 
sequently the  readings,  owing  to  the  comparatively  small  capacity 
of  the  plate  system,  were  subject  to  large  errors  arising  from  dis- 
turbances to  the  measuring  system  which  with  the  radium  nearer 

were  negligible. 

Table  XVI. 

upper  Plate.     Copper,     Distance  Between  Plates  —  2  mm. 


In  analyzing  the  observations  made  on  the  Volta  effect  in  the 
plate  experiments  it  is  difficult  to  account  for  all  the  results.  It  is 
evident  that  at  least  two  influences  were  present,  namely,  (i)  the 
conductivity  of  the  air  between  the  plates  and  (2)  secondary  radi- 
ation, and  it  is  clear  that  each  contributed  with  the  different  combi- 
nations to  the  magnitude  and  sign  of  the  charge  acquired. 

Table  XVII. 

Upper  Plate,     Copper,     Distance  Between  Plates —  2  mm. 


DiBtance  of 
Radium. 

Deflection. 
I  Volt  =  570  mm. 

1          Distance  of 
Radium. 

Deflection. 
I  Volt  a  570  mm. 

7.3  cm. 

-47.8  mm. 

59.0  cm. 

—  54     mm. 

10.5    " 

-47.5    " 

80.1    " 

-55        " 

16.0   " 

-50.5    " 

108.0    " 

-56.2    " 

24.7   " 

-55       " 

156.3    " 

-51.5    " 

3L2   " 

-57.5    " 

204       " 

-54.4    " 

4L7   " 

-56.5    " 

That  conductivity  is  an  important  factor  in  determining  the  limit- 
ing charge  given  to  the  free  plate  was  shown  by  simply  blowing 
filtered  air  between  the  plates.  It  was  found  that  in  all  cases,  where 
the  upper  plate  was  positive  to  the  lower,  positive  values  were  de- 
creased by  blowing.  On  the  other  hand,  by  using  a  carbon  plate 
above,  so  as  to  make  the  copper  plate  below  acquire  a  negative 
charge  through  the  Volta  effect,  the  negative  deflection  was  also 
lessened  by  the  same  means. 
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Plates. 
Zinc,  2  mm.  from  copper 
Zinc,  10  mm.  from  copper 
Copper,  2  mm.  from  copper 


Table  XVIII. 

Column  I.,  Without 
Radium. 

+37  millivolU. 
+27        " 
-33 


Column  II.,  With  Radium  at 

Greatest  Distance. 

(In  Figs,  xa,  13,  X4i  ^SO 

—57  millivolts. 

+  1 

-90 


It  has  been  shown  by  Professor  MacKenzie  ^  that  the  secondary 
radiation  from  the  back  of  metallic  plates,  upon  which  the  rays  from 
radium  are  allowed  to  fall,  is  of  considerable  importance.  Negative 
particles,  will,  under  these  circumstances,  come  to  the  lower  plate 
from  the  upper,  while  there  will  also  be  an  emission  of  negative  par- 
ticles from  the  lower  one  itself.  The  nature  of  the  charge  acquired 
by  the  lower  plate  will  be  determined,  therefore,  in  a  measure  by 


DUtaitc*  vf  Radium 

Fig.  15. 

the  ratio  of  the  number  of  particles  leaving  it  to  the  number  coming 
to  it.  An  alteration  in  this  ratio  would  take  place  when  both  the 
thickness  and  the  material  of  the  plates  were  varied,  when  the  dis- 
tance between  the  plates  was  altered,  and  when  the  distance  of  the 
radium  was  increased,  and  it  is  quite  conceivable  therefore  that  this 
ratio  could  vary  in  such  a  manner  as  to  give  rise  to  the  results 
obtained. 

From  the  experiments  which  have  been  cited  in  this  paper,  it  is 

*Phil.  Mag.,  July,  1907. 
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evident  that  the  manner  in  which  insulated  metallic  cylinders  sur- 
rounded by  others  joined  to  earth,  or  insulated  plates  of  metal  placed 
close  to  others  of  the  same  or  of  different  metals  become  electrically 
charged  is  both  complex  and  obscure.  It  is  clear,  too,  that  both 
the  Volta  effect  and  secondary  radiation  are  influences  affecting  the 
process  of  charging,  and  although  the  experiments  of  the  present 
investigation  throw  considerable  light  on  the  relative  influence  of 
these  two  factors,  it  will  be  necessary  to  take  more  extensive  obser- 
vations before  a  complete  explanation  can  be  offered. 

In  conclusion  the  writer  wishes  to  express  his  sincere  thanks  to 
Professor  McLennan  for  his  kindly  interest  and  helpful  suggestions 
during  the  progress  of  the  investigation. 

Physical  Laboratory, 

University  of  Toronto,  May  25,  1908. 
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AN  INVESTIGATION  OF  THE  ELECTRIC  INTENSITIES 

AND  ELECTRIC  DISPLACEMENT  PRODUCED  IN  IN- 

SULATORS    BY   THEIR    MOTION    IN    A    MAGNETIC 

FIELD.' 

By  S.  J.  Barnett. 

Introduction. 

FROM  the  classical  experiments  of  Ampere  and  Rowland  it  fol- 
lows that  an  electrified  particle  with  charge  q  moving  with 
velocity  z/  in  a  magnetic  field  at  a  point  where  the  induction  is  B  is 
acted  upon  by  a  force  F  equal,  if  suitable  units  are  used,  to  the 
product  of  the  charge  q  by  the  vector  product  of  the  velocity  v  and 
the  induction  B,     That  is, 

F^qVvB,  (i) 

Hence  if  ether  or  matter  is  electrically  constituted  and  moves  in  a 
magnetic  field,  each  moving  electrified  constituent  is  acted  upon  by 
an  electromagnetic  force  in  accordance  with  (i)  ;  that  is,  the  moving 
substance  is  the  seat  of  an  intrinsic  electric  intensity/,  the  "  motional 
intensity  "  of  Mr.  Heaviside,  given  by  the  equation 

f^Flq^  VvB.  (2) 

The  relative  displacement  of  the  oppositely  electrified  constituents 
of  the  moving  substances  produced  by  the  motional  intensity/ gives 
rise  to  an  electric  field ;  and  the  intensity  E  of  this  field  acts  on  all 
dielectrics  which  the  field  contains,  whether  at  rest  or  in  motion. 
If  both  ether  and  matter  move,  both  intensities  act  on  both  sub- 
stances. But  if  the  ether  remains  fixed  and  the  matter  moves 
through  it,  the  intensity  /  acts  on  the  matter  only,  while  the  field 
intensity  E  acts  on  both  the  ether  and  the  matter.  The  actual 
electric  displacement,  if  the  matter  is  insulating,  depends  only  on 

*  Presented  in  part  to  the  American  Physical  Society,  October  19,  1907. 
The  paper  describes  also  some  observations  on  an  electrical  effect  produced  in  certain 
cases  by  rotation  in  a  region  not  a  magnetic  6eld. 
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both  intensities  and  on  the  dielectric  constants  of  the  matter  and  the 
ether.  If  the  medium  is  conducting,  much  simplification  arises  when 
the  current  density  is  zero.  If  the  current  density  is  not  zero,  other 
considerations  must  be  introduced. 

The  existence  of  the  motional  intensity  in  conductors  was  dis- 
covered by  Faraday  in  1831,  and  the  subject  has  been  studied  in 
detail  by  him  and  many  others.  The  results  of  all  experiments 
which  have  been  made  upon  the  subject  are  in  accord  with  the 
theory  given  in  equation  (2). 

The  first  experiments  on  the  motional  intensity  and  displacement 
in  insulators  were  published  by  Blondlot^  early  in  1902.  In  these 
experiments  a  stream  of  dust-free  air  was  passed  with  a  variable 
velocity  between  the  rectangular  pole-faces  NS  of  a  magnet  and  two 
rectangular  brass  plates  AB  and  CD  arranged  as  shown  in  Figs,  i 


TW^W, 

"W.. 

AIR 

•'-^ 

;         N.; 

STREAM 
DOWN 

S 

;^ 

j^-...; 

Fig.  1.  Fig.  2. 

and  2.  The  velocity  of  the  air  was  parallel  to  the  pole-faces  and 
the  plates,  and  perpendicular  to  the  lines  of  magnetic  intensity 
stretching  through  the  central  part  of  the  field.  When  the  velocity 
of  the  air  was  a  maximum  the  plates  AB  and  CD  were  connected 
together  metallically  for  an  instant.  Then  one  of  the  plates  was 
removed  and  tested  for  charge.  The  charge  to  be  expected  on  the 
hypothesis  that  the  ether  moves  with  the  matter  was  many  times 
greater  than  the  smallest  charge  that  could  be  detected ;  while 
the  charge  to  be  expected  on  the  hypothesis  that  the  ether  remains 
fixed  while  the  matter  moves  through  it  was  far  less  than  the  small- 
est charge  that  could  be  detected.  In  the  experiments  no  charge 
was  detected.  Thus  the  investigation  confirmed  the  theory  of 
Lorentz,  according  to  which  the  ether  is  fixed. 

The  only  other  investigation  hitherto  published  on  the  subject  is 

*  Journal  de  Physique,  January,  1902. 
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that  of  H.  A.  Wilson,  *  who  made  experiments  on  ebonite  in  1903 
and  1904.  These  experiments  also,  which  will  be  further  discussed 
below,  support  the  theory  of  Lorentz. 

The  investigation  described  here  was  begun,  in  a  way,  in  1902, 
when  a  piece  of  apparatus  was  designed  and  partially  constructed. 
Lack  of  funds,  however,  put  an  early  end  to  the  work.  Its  contin- 
uance was  made  possible  by  a  grant  received  from  the  Carnegie  In- 
stitution early  in  1904.  The  design  of  apparatus  submitted  to  the 
institution  was  then  gone  over  carefully  and  very  greatly  improved, 
though  no  experimental  work  was  practicable  until  near  the  sum- 
mer of  1906.  In  the  meantime,  experience  in  another  investigation, 
not  yet  completed,  together  with  some  serious  troubles  which  Dr. 
Wilson's  method  of  experiment  gave  him,  convinced  me  of  the  very 
great  difficulties  involved  in  low  voltage  electrostatic  work  when  in- 
sulated slipping  contacts  are  used,  and  when  insulators  or  insulated 
conductors  move  in  air  not  free  from  dust.  To  eliminate  these  diffi- 
culties and  to  secure  other  important  advantages,  the  apparatus  used 
in  the  investigation  as  finally  carried  out  was  constructed  on  lines 
quite  different  from  those  proposed  to  the  Carnegie  Institution.  In 
some  important  respects  it  resembles  the  apparatus  used  by  Wilson, 
while  in  many  others  it  differs  greatly  therefrom. 

Method  and  Theory. 
A  diagram  of  the  principal  pieces  of  apparatus  used  in  the  elec- 
trostatic part  of  the  experiment  propter  is  given  in  Fig.  3.  In  order 
to  save  space  later  the  description  given  here  is  more  complete  than 
would  otherwise  be  advisable.  The  insulator  under  investigation  has 
the  form  of  a  hollow  circular  cylinder  A  fitted  closely  on  a  coaxial 
rotor  B  of  bronze.  This  rotor  revolves  centrally  and  symmetrically 
within  a  large  cylindrical  coil  C  of  copper  wire  wound  on  a  brass 
bobbin  D,  The  magnetic  field  is  produced  by  a  current  in  this  coil. 
The  bearings  EE  in  which  the  rotor  B  moves  are  screwed  to  the 
flanges  forming  the  ends  of  the  bobbin  D,  The  cylinder  A  is 
covered  with  a  thin  conducting  coat  F,  A  little  longer  than  A^  ^d 
surrounding  it  coaxially,  is  a  uniform  brass  tube  G.  Surrounding 
this  are  the  coaxial  brass  tubes  H  and  D,  the  latter  a  part  of  the 

*Roy.  Soc.  Phil.  Trans.,  Series  A,  September,  1904. 
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bobbin,  and  both  together  forming,  with  the  brass  rings  soldered 
between  them  near  the  ends,  a  jacket  for  water  or  air.  The  tube  G 
is  insulated  from  H  by  small  blocks  of  amber.  Between  these  two 
tubes  is  a  brass  rod  ^capable  of  being  rotated  in  the  brass  bearings 


F'.g.  3. 

KK  near  its  ends.  The  rod  is  cut  near  its  S.  end  and  the  two  parts 
are  separated  by  a  block  of  amber  Z.  At  the  N.  end  the  bearing 
K  is  surrounded  by  an  amber  block  M^  which  insulates  it  from  the 
bobbin.  Screwed  to  the  insulated,  or  N.,  part  of  the  rod  ^  is  a 
stiff  curved  brass  wire  N  by  which  this  part  of  the  rod  may  be 
brought  into  contact  with  the  metal  coat  of  A  without  touching 
the  tube  G,  For  this  purpose  a  small  slit  O  is  cut  in  G,  Small 
ebonite  rings  PP  make  the  electrical  contacts  between  the  rotor  B 
and  the  bearings  always  nearly  the  same.  Brass  tubes  QQ^  of  very 
nearly  the  same  diameter  near  the  rotor  as  that  of  the  part  of  the 
rotor  within  A,  and  coaxial  with  A,  extend  from  the  bearings  EE 
almost  into  contact  with  B,  and  form  electric  screens.  A  potentiom- 
eter RS  and  battery  T,  with  commutator  5,  produces  the  voltage 
(along  R)  used  for  standardization  purposes.  An  electrometer  Fis 
the  principal  measuring  instrument.  Potentiometer  and  electrometer 
connections  with  /  and  G  are  made  by  amber  keys  i,  2,  3,  4,  of 
special  design  described  below.  Except  as  shown  in  the  figures,  the 
space  holding  the  electrometer  and  its  connections  is  practically  metal 
enclosed.     The  metal  case  is  earthed. 
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When  the  coil  C  is  traversed  by  an  electric  current,  the  region 
occupied  by  the  bronze  rotor,  the  insulating  cylinder,  and  its  metal 
coat,  becomes  a  magnetic  field,  in  the  central  part  of  which  the 
lines  of  intensity  are  parallel  to  the  axis  of  the  rotor.  In  the  rest 
of  this  region  there  is  a  component  of  the  intensity  in  this  direction. 
Hence,  by  (2),  when  the  rotor  is  revolved,  a  motional  electric  inten- 
sity is  developed  in  the  moving  bodies,  radial  in  the  central  portions 
and  with  a  radial  component  elsewhere.  If  the  motional  intensity 
is  directed  outward,  the  intensity  of  the  resulting  electric  field  will 
be  directed  inward  in  the  moving  insulator  and  conductors,  and  it 
will  be  directed  outward  in  the  air  between  the  tubes  F  and  G^ 
which  is  supposed  to  be  earthed,  since  the  voltage  from  any  point 
P  of  F  to  G  is  the  same  as  that  from  P  to  the  earthed  bearings 
through  F,  the  insulator,  and  the  bronze  rotor.  We  proceed  to  the 
calculation  of  the  mean  potential  of  the  outer  surface  of  F.  When 
the  value  of  this  quantity  on  any  theory  has  been  determined,  an 
experimental  method  can  be  devised  for  testing  the  validity  of 
this  theory. 

Potential  of  i%  Ideal  Case. 

Consider  first,  for  simplicity,  the  ideal  case  in  which  the  magnetic 
field  is  uniform  throughout  the  entire  length  of  the  moving  parts ; 
the  insulator  A  so  long  that  sensibly  all  the  lines  of  intensity  in  the 
electric  fields  are  radial,  the  end  effects  being  entirely  neglible  ;  the 
rotor,  an  infinitely  thin  tube,/ of  the  same  diameter  throughout,  and 
its  surface  everywhere  at  zero  potential,  and  the  thickness  of  the 
conducting  tube  F  neglible.  The  number  of  revolutions  made  by 
the  rotor  per  second  will  be  denoted  by  n. 

The  ether  will  at  first  be  assumed  to  remain  fixed.  The  motional 
intensity  within  the  insulator  at  a  distance  r  from  the  axis  is 

/=  VvB=^  27trnB 

in  magnitude,  and  will  be  considered  positive  when  directed  out- 
ward. If  the  electric  field  intensity  at  the  same  distance  from  the 
axis  in  the  resulting  field  is  denoted  by  E,  considered  positive  when 
directed  outward,  the  total  electric  intensity  acting  on  the  matter, 
not  including  the  ether,  is  /  +  £,  and  the  electric  displacement  in 
the  matter  alone  is 
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K  being  the  dielectric  constant  of  the  matter  including  the  ether, 
and  I  being  the  dielectric  constant  of  the  ether. 

The  outward  electric  flux  in  the  insulator,  due  to  this  displace- 
ment, across  a  cylinder  of  radius  r  coaxial  with  A  and  of  the  same 

length  /,  is 

D'2nrl=  (AT-  i)(/+  £)2;rr/; 

and  this  is  equal  to  the  electric  flux  back  through  the  ether  within 
A  together  with  that  from  the  outer  surface  of  A  to  the  earthed 
conductors,  the  total  charge  upon  F,  which  is  insulated,  being  zero. 
Let  the  capacity  which  the  condenser  ABF  would  have  if  its 
dielectric  were  ether  only  and  its  field  wholly  confined  to  the  region 
occupied  by  the  dielectric  A  be  denoted  by  5;  the  capacity  of  the 
part  of  the  field  whose  tubes  of  displacement  stretch  between  F 
(and  its  connections,  if  any)  and  G  (which  is  earthed),  by  S' ;  and 
the  voltage  from  the  cylinder  F  to  the  rotor  B,  or  the  potential  of 
F,  by  V.     Then  we  have,  from  the  last  paragraph, 

(AT--  i)(/+  E)27:rl^  4<5F+  5'  F)  =  4^(5  +  S')V,         i 

and  therefore  also 

2{S  +  S')V 
J-   {K-iyr  ~^- 

The  motional  E.M.F.  V  from  B  to  F  through  the  cylinder  A, 
with  internal  and  external  radii  r^  and  r^  is  thus 


2  log  rj/rj 


(3) 


We  have  also 


JT  =  r  ^fdr  =  27:nB  \\dr^  nB{r.r^  -  Tzr^,  (4) 

t/rj  •/ri 

i,  e.,  the  rate  at  which  magnetic  flux  is  cut  by  any  line  fixed  in  the 
dielectric  and  extending  from  B  to  F.  The  sign  of  ¥  is  the  same 
as  that  of  f  or  VvB, 
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Equation  (3)  may  be  written 

And,  if  5"  is  written  for  KS^  the  actual  capacity  of  the  condenser 
ABF  when  its  field  is  confined  entirely  to  the  dielectric  A,  this 
becomes 

If  the  ether  is  not  at  rest,  but  moves  with  the  same  velocity  as 
that  of  the  matter  it  permeates,  we  must  write  AT  in  place  of  AT—  i, 
and  remove  5,  in  (3)  and  the  preceding  equations.  We  thus  obtain, 
on  this  hypothesis, 

^^  ^  5''  +  S' '  ^^^ 

Also,  if  A  were  a  conductor,  instead  of  an  insulator,  we  should 
have  ATsa  00,  and  therefore 

y-^S^,  (8) 

as  in  (7).  Thus  the  same  expression  is  obtained  in  the  case  of  a 
conductor  whether  the  ether  is  at  rest  or  in  motion. 

The  Electric  Field  Within  the  Insulating  Cylinder. 

This  field  will  be  discussed  here  for  two  interesting  cases  only, 
viz.,  (i)  that  in  which  the  metal  tube  -/^either  does  not  exist  or  is 
disconnected  from  all  other  conductors,  and  (2)  that  in  which  the 
tube  F  is  connected  with  the  rotor  -ff  by  a  wire  at  rest,  so  that  the 
voltage  between  F  and  B  is  zero.  In  both  cases  /  and  £  will  be 
considered  positive  when  directed  radially  outward. 

In  case  i,  the  /^/^^/ displacement  D  at  all  points  of  a  cylinder  of 
radius  r  >  r^  <  r,,  coaxial  with  A,  is,  if  the  ether  is  at  rest, 

Z?  «  (AT-  i)/+  KE^  KE+  (AT-  i)<arB  «  o, 

where  m  «  2;r« ;  so  that 

AT- I  AT-  I      „ 

E^  ^—j^f^  «  ^-^a>Br.  (9) 
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Within  the  hollow  rotor  and  outside  the  tube  F  or  the  external 
surface  of  the  dielectric  A^  there  is  no  intensity. 

When  F  and  B  are  connected  by  a  conductor,  as  in  case  2,  all 
the  lines  of  field  intensity  traversing  the  whole  distance  between  B 
and  F  disappear,  the  voltage  being  reduced  to  zero.  But  the 
field  intensity  does  not  vanish  except  over  one  cylinder  of  radius  r^  to 
be  determined.  If  it  did,  the  charge  on  the  tube  F  would  be  greater 
than  the  opposite  charge  on  the  rotor  j5,  and  the  dielectric  itself 
would  be  internally  charged,  since /increases  proportionally  with  r, 
and  D  would  therefore  increase  in  the  same  way.  The  voltage 
through  A  being  zero,  the  direction  of  the  field  intensity,  always 
radial,  changes  in  sign  at  the  cylinder  of  radius  r^.  Within  this 
cylinder  E  has  the  same  direction  as  /,  so  as  to  increase  the  total 
displacement ;  while  outside  this  cylinder  it  has  the  opposite  direc- 
tion, so  as  to  decrease  the  displacement  which  would  exist  were/ 
alone  acting.  Over  the  cylinder  of  radius  r^  the  field  intensity  van- 
ishes. In  this  way  the  voltage  between  B  and  F\%  kept  zero,  and 
the  electric  flux  across  all  cylinders  which  can  be  drawn  between  B 
and  F  v&  kept  constant  and  equal  to  that  across  the  cylinder  of 
radius  r^.  E,  r^,  and  g,  the  charge  per  unit  length  upon  B,  can  be 
determined  as  follows : 

The  outward  electric  flux  across  unit  length  of  a  cylinder  of 
radius  r  is 

47rg  =  [(AT-  i)/+  KE] 27tr «  [{K^  i)wBr  +  KE\  27tr. 

If  we  put  r  =  r^,,  and  therefore  E=z  o,  this  equation  becomes 

47:g  =  (AT—  i)a)B  •  2;rr^*.  (lo) 

From  these  equations 

The  radius  r^  can  be  obtained  from  (ii)  and  the  consideration  that 
the  voltage  between  B  and  Fis  zero.     Thus 


or 


''o'los^-Hr*-r,')^0; 
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whence 

r«  — r*  vi 


\2l0grJrJ 


If  the  ether  moves  with  the  matter,  AT—  i  must  be  replaced  by  K 

Mean  Potential  of  F,  Actual  Case. 
In  the  actual  case  the  magnetic  field  is  not  uniform  throughout 
the  rotating  parts  of  the  apparatus,  the  cylinder  F  is  not  of  neglible 
thickness,  the  cylinders  may  not  be  so  long  that  the  end  effects  can 
be  entirely  neglected,  and  their  diam- 
eters  are  not   perfectly  uniform.     The     ""^^'-^^^f  ^^'^'^^»^  ^^' ^-^^ 
rotor  B  is  solid,  moreover,  or  may  be     ^..-v^^yjj ^v.-.f^.;^p^-^^^ 
made  of  a  thick  tube,  and  its  surface 
potential  is   not  uniform  and   may  be     ^mM^ 

nowhere  zero. 

Fig.  4. 
Consider  any  point  P^  Fig.  4,  on  the 

outer  surface  of  the  cylinder  F.     Let  the  potential  of  P  be  denoted 

by  v^  the  voltage  through  F  radially  inward  by  v' ,  the  voltage 

along  the  same  radius  through  A  by  z/',  and  the  potential  at  P ^  the 

point  of  the  rotor's  surface  on  the  same  radius,  by  z/".     Then 

and  the  average  value  V  oi  v  over  the  surface  of  F  is  equal  to  the 
sum  of  the  average  values  V,  V",  and  V"  of  v\  i/\  and  z/". 
That  is 

Let  /  denote  the  outward  radial  component  of  the  motional  in- 
tensity at  any  point  of  A  or  F  distant  r  from  the  axis,  e  the  outward 
radial  component  of  the  intensity  of  the  electric  field  at  the  same 
point,  5  the  capacity  the  portion  of  the  field  whose  tubes  stretch 
between  B  and  F  would  have  if  its  dielectric  were  ether  alone,  and 
5'  the  capacity  of  the  part  of  the  field  whose  tubes  stretch  between 
i^and  the  conductors  at  zero  potential,  chiefly  the  tube  G  and  the 
screens  QQ,  Also  let  -/^and  E  denote  the  average  values  of/  and 
e  over  the  cylinder  of  radius  r,  whose  length,  /,  is  equal  to  that  of 
A  and  F.     Then,  on  the  theory  of  Lorentz, 
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(AT-  \){F+  E)2nrl^  47t{SV"  +  5'  V)} 

For  the  total  charge  upon  F  is  zero ;  and  therefore  the  flux  to  F 
due  to  the  electric  displacement  of  the  moving,  or  material,  portion 
of  the  insulator  A  is  equal  to  the  flux  from  F  in  the  ether  and  air. 
Thus  the  average  value  *  of  the  motional  E.M.F.  -^  from  B  to 
Fis 

The  extreme  radii  r^  and  r,  are  mean  values ;  but  the  cylinders  can 
be  turned  so  true  that  their  departures  from  uniformity  in  diameter 
can  be  neglected.     If  we  write 

S'''^~,    ^    .    ,  (14) 

i.  e.,  the  capacity  FAB  would  have  if  its  dielectric  were  ether  alone, 
and  its  field  an  entirely  straight-line  field  between  B  and  F,  and  if 
we  denote  the  average  voltage  in  the  conductors,  viz.,  V  +  F'", 
by  U,  (13)  niay  be  written 

--— ^^)l^'.  OS) 

or 

^-     (^K^i)S'"  +  S+S'     *  ^^^> 

If  S"  denotes  the  actual  capacity  of  the  condenser  FAB,  so  far  as 
this  depends  on  the  tubes  of  displacement  stretching  between  F  and 
B,  then 

(AT-  1)5'"  +  5  =  KS'"  +  (5  -  S"')  =  5"  (17) 

very  approximately.  Also,  in  the  apparatus  used  in  this  investigation, 

5-5'"«o  (i8) 

with  neglible  error,  on  account  of  the  smallness  of  the  ratio  of  the 
thickness  to  the  length  of  the  cylindrical  condenser  and  the  presence 
of  the  screens  QQ.     Hence  the  expression  for  Fmay  be  written 

V^C^-^W^U)^,.  (19) 

*  Inasmuch  as  the  voltages  V^  and  V^'  arc  not  uniform  the  capacities  involved  differ 
slightly  from  S  and  5^.     The  diiierences  are  here  neglected. 
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Formulation  of  Equation  for  Experimental  Test. 
Calibration. 

The  quantity  F  cannot  be  measured  directly  without  an  insulated 
sliding  contact,  which,  unless  in  the  form  described  near  the  end  of 
this  paper,  introduces  very  great  difficulties  and  should  be  avoided. 
Hence  we  proceed  as  follows : 

The  charge  upon  the  outer  coat  of  F,  at  the  average  potential  V^ 
is  S'  V;  and  a  charge  very  approximately  —  S^  F  exists  on  the  inner 
surface  and  ends  of  the  cylinder  G.  Some  of  the  tubes  from  F  end 
on  the  screens  QQ,  however,  and  some  on  the  other  earthed  con- 
ductors, so  that  the  charge  on  G  is  not  exactly  —  5'  V,  If  now  G 
is  insulated  and  then  connected  with  the  electrometer,  and  if  F  is 
earthed,  an  electrometer  deflection  d  will  be  produced  such  that 

Cd^-S'V^-(^¥+u)^^^,,  (20) 

where  C  is  a  constant. 

To  use  this  equation  and  to  simplify  the  experimental  work  we 
must  proceed  further  as  follows :  First  the  metal  cylinders  F  and 
G  are  connected  together  by  the  rod  /,  the  wire  N,  and  the  keys, 
and  charged  to  a  common  potential  V^,  while  B,  with  the  other 
conductors,  remains  earthed.  Owing  to  the  presence  of  G,  which 
now  acts  as  a  guard  cylinder,  the  charge  q^  taken  by  F  is  con- 
fined to  its  inner  surface  except  close  to  the  ends,  and  the  electric 
field  near  the  ends  of  A  is  more  nearly  like  that  at  the  center  than 
it  would  be  if  the  tube  G  were  absent.  The  actual  capacity  of  the 
condenser  FAB  with  this  field  is  very  approximately  the  capacity 
already  denoted  by  5",  and  but  few  tubes  of  displacement  stretch 
between  the  ends  of  F  and  the  screens  QQ,  owing  to  the  field  of  the 
guard-tube  G,     Hence,  very  approximately. 

After  the  cylinders  have  become  charged,  N  is  raised,  thus  insu- 
lating F  from  G  and  J,  and  then  both  G  and  J  are  earthed.  The 
inner  surface  of  G  has  now  received  a  charge  q'  given  very  approx- 
imately by  the  equation 
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The  cylinder  G  is  now  insulated  and  connected  to  the  electrometer, 
and  F  is  earthed.  The  charge  q'  is  distributed  over  the  insulated 
system,  and  the  electrometer  gives  a  deflection  d^  proportional 
thereto  by  the  constant  C  of  equation  (20).     Thus 

q  =s  Coq  =  —  ^^j  5"~X^S'  ~  ■"  m)  ~^i  JT^/  ■  v^'/ 

Dividing  the  equation  (20)  for  Cd  by  the  equation  (21)  for  Cd^, 
and  multiplying  by  V^,  we  obtain 

iv,^-~V^U.  (22) 

Let  /  denote  the  current  in  the  coil,  r  the  time  of  one  revolution 
of  the  rotor,  and  W  and  U  the  values  of  W  and  U  when  /  and  r 
are  unity.     Then 

r=y-    and    Ur^U-. 

T  T 

Thus  equation  (22)  may  be  written 

or 

This  equation  will  be  satisfied  by  the  experimental  results  if  the 
ether  is  at  rest.  The  quantity  ¥  is  given  by  equation  (4),  B,  the 
average  value,  for  a  current  of  one  ampere,  of  the  axial  induction, 
being  substituted  for  B. 

If  the  ether  and  matter  move  together  with  the  same  velocity,  the 
equation 

will  be  satisfied.  This  assumes  that  the  rotation  takes  place  in 
vacuo,  or  that  the  surrounding  air  is  not  set  into  motion  by  the 
rotating  parts.  On  the  theory  of  Lorentz  it  is  of  no  consequence 
whether  the  air  moves  or  not,  A!'—  i  for  air  being  entirely  neglible. 
The  experimental  methods  of  determining  all  the  quantities  in- 
volved are  described  below. 
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The  Apparatus  Used  in  the  Principal  Experiment. 

A  considerable  portion  of  the  apparatus  was  briefly  described  in 
explaining  the  general  method  used  in  the  experiments.  The 
bobbin  on  which  the  coil  C,  Fig.  3,  was  wound  was  made  of  a  brass 
tube  Z),  48.0  cm.  long,  16.5  cm.  external  diameter,  and  1.6  mm. 
thick,  and  two  thick  brass  rings  about  30  cm.  external  diameter  and 
of  internal  diameter  equal  to  the  external  diameter  of  the  tube. 
One  side  of  each  ring  was  turned  plane,  and  the  rings  were  mounted 
and  soldered  with  their  true  surfaces  outward,  parallel,  and  flush 
with  the  ends  of  the  tube.  The  true  surfaces  were  then  perpendicu- 
lar to  the  axis  of  the  tube. 

The  brass  tube  H,  with  internal  diameter  11. 8  cm.,  48.0  cm.  long, 
and  1.2  mm.  thick,  was  made  coaxial  with  D  by  means  of  two  cir- 
cular brass  rings  fitting  tightly  between  the  tubes  near  the  ends. 
The  tubes  and  rings  were  heavily  soldered  together.  Small  brass 
tubes  soldered  through  the  rings  near  their  tops  permitted  a  stream 
of  tap-water  to  flow,  at  the  will  of  the  observer,  through  the  space 
between  the  brass  tubes. 

The  coil  C  contained  nearly  3CX)  lbs.  of  No.  10  copper  wire 
wound  in  two  sections,  each  of  approximately  26  x  75  turns.  The 
sections  were  well  insulated  and  screened  from  one  another  and 
from  the  bobbin.  The  coil  was  mounted  in  two  heavy  clamps  with 
its  axis  horizontal  in  a  north  and  south  line.  In  Fig.  5,  which  is  a 
diagram  of  the  apparatus  as  seen  from  the  S.  end,  corresponding 
to  the  right  end  of  Fig.  3,  one  of  the  clamps  is  shown.  B  and  C 
are  heavy  wooden  blocks,  cut  out  to  fit  the  coil,  and  drawn  together 
by  brass  bolts  DD, 

The  bearings  EE  were  cast  from  the  non-magnetic  alloy  known 
as  '* lumen"  metal,  between  which  and  bronze  the  friction  is  very 
slight.  These  castings  were  planed  on  their  inner  surfaces  and  the 
central  portions  of  their  outer  surfaces,  and  were  drilled  with  \  in. 
holes,  accurately  perpendicular  to  the  plane  surfaces.  They  were 
then  so  mounted  in  the  large  brass  rings  by  small  steel  screws  that 
the  centers  of  the  holes  were  on  the  axis  of  the  brass  tubes  already 
described.  The  central  portions  of  the  bearing  castings  were  3.2 
cm.  thick. 

Three  rotors  were  used  in  the  course  of  the  motional  experiments. 
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The  first  was  turned  from  a  phosphor  bronze  casting,  and  was  shaped 
much  like  B  in  Fig.  3.  The  terminal  portions  were  turned  with 
great  precision  to  fit  the  \  in.  holes  in  the  bearing  castings  EE. 
The  central  cylinder  was  also  turned  with  great  precision.  Its 
length  was  33.6  cm.,  within  -^^  per  cent,  and  its  mean  diameter  was 
5.044  cm.  This  mean  was  obtained  from  two  readings  at  right 
angles  on  each  of  1 3  circles  equally  spaced  along  the  cylinder,  the 
average  departure  of  a  single  reading  from  the  mean  being  much 
less  than  o.ooi  cm.  The  ebonite  rings  PPwere  turned  carefully, 
so  that  the  possible  longitudinal  motion  of  the  rotor  was  very  slight. 
The  middle  of  the  central  cylinder  of  the  rotor  was  23.5  cm.  from 
the  S.  bearing,  0.5  cm.  from  the  center  of  the  bobbin.  At  the  N. 
end  of  the  rotor  was  a  small  cylindrical  projection  onto  which  was 
forced  a  brass  cylinder.  A  large  thread  was  turned  in  this  to  form 
a  worm. 

The  second  rotor  was  turned  from  a  rod  of  Tobin  bronze,  which 
is  far  superior  to  phosphor  bronze,  with  precision  about  the  same  as 
that  of  the  first.  The  central  cylinder  had  practically  the  same 
length  as  that  of  the  first  rotor,  and  a  mean  diameter  nearly  the 
same,  viz.,  5.045  cm.  The  center  of  this  cylinder,  like  that  of  the 
first  rotor,  was  23.5  cm.  from  the  S.  bearing  when  in  position.  A 
worm  was  cut  directly  in  the  end  of  the  N.  terminal  cylinder,  which 
was  longer  than  that  of  the  first  rotor. 

The  third  rotor  was  a  modification  of  the  first,  and  will  be  described 
in  connection  with  the  experiments  in  which  it  was  used. 

When  in  position,  the  worm  at  the  end  of  the  rotor  geared  with 
a  brass  worm-wheel  having  lOO  teeth.  Once  every  hundred  revo- 
lutions of  the  rotor  a  pin  projecting  from  this  wheel  closed  an  elec- 
tric circuit  including  the  electromagnet  of  a  chronograph.  This 
arrangement,  together  with  a  standard  clock,  enabled  the  rotor's 
speed  to  be  determined  with  precision. 

The  induction  tube,  or  guard  cylinder  G,  was  a  brass  tube  36.4 
cm.  long,  8.70  cm.  in  external  diameter,  and  0.08  cm.  thick. 

The  mechanism  by  which  the  wire  N^  connected  with  the  rod  /, 
Fig-  3 1  was  operated  is  shown  in  Fig.  5.  One  end  of  a  brass  spring 
/,  fastened  at  the  other  end  to  a  nail  in  the  wooden  clamp  BC,  is 
attached  to  the  cross-piece  H  near  its  upper  end.     To  the  same 
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point  of  H  IS  attached  one  end  of  a  cord  /,  which  passes  through 

a  ring  Afand  is  attached  near  its  other  end  to  a  small  brass  weight 

K,     Below  the  weight  are  three  small 

wooden    steps.     The    spring,    cord, 

and  steps  are  so  adjusted,  that  when 

the   weight    is    on    the    highest,    or 

first  step,  the  string  is  loose  and  the 

spring  presses  the  wire   N  (Fig.    3) 

gently  against  the  tube  F.     When  the 

weight  is  placed  on  the  third  step,  N 

is  raised  above  the  tube  G,  into,  or 

nearly  into,  contact  with  H  (Fig.  3). 

The  essential  parts  of  the  keys  i,  2,  3,  4  in  the  final  work  were 
constructed  throughout  of  brass  and  amber.  Keys  i,  2,  and  3 
were  very  nearly  alike.  The  principle  is  the  same  as  that  of  the 
electrometer  key  described  by  McLennan  at  the  Philadelphia 
meeting  of  the  American  Physical  Society  (December,  1904),  but 
the  keys  described  here  are,  in  my  opinion,  much  superior  to  Mc- 
Lennan's  in  insulation,  simplicity  of  construction,  and  regularity  in 
making  and  breaking  contact.  The  construction  of  the  keys  is 
illustrated  in  Fig.  6.     J?  is  a  rectangular  block  of  amber  about 


F!g.  5. 


Fig.  6. 

2.5  cm.  X  2.5  cm.  X  i  cm.  A  hole  about  1.3  cm.  in  diameter  is 
drilled  through  the  center  of  the  block  from  face  to  face.  Smaller 
holes  are  drilled  and  threaded  to  hold  the  threaded  brass  rods  Cand 
D.  The  lower  rod  D  is  left  solid,  with  a  flat  top,  and  is  provided 
below  with  one  or  more  nuts  and  washers  for  electrical  connections. 
The    upper  rod  C  is  drilled  throughout  its  length  to  permit  the 
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passage  of  a  straight  brass  wire  F^  and  the  sharp  edges  of  the  hole 
are  removed.  The  amber  block  is  screwed  beneath  the  top,  or  on 
one  side,  of  a  brass-lined  box  with  the  tube  C  projecting  through  a 
hole,  which  may  be  small  or  large  according  to  purposes  of  the  key. 
The  tube  C  serves  only  as  a  guide  to  the  wire  F,  and  in  some  cases 
to  complete  the  electric  screening.     The  wire  F  is  soldered  at  right 
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Fig.  7. 


angles  to  a  long  brass  strip  E,  which  is  bent  as  shown  in  the  figure 
and  screwed  to  the  top  of  the  box.  The  key  is  operated  by  the 
device  HIJy  made  of  small  pieces  of  wood  and  a  small  nail  J* 
When  /  is  made  horizontal,  F  rises  to  its  highest  position,  its  lower 
end  being  then,  if  desired,  within  the  tube  C,  and  contact  with  D  is 

broken.  When  /  is  made  vertical,  F  is 
pressed  down  and  makes  contact  with  D, 
I  remains  in  the  position  in  which  it  is 
placed.  The  actual  amber  blocks  used 
in  the  experiments  described  here  were 
nearly  twice  as  thick  as  those  described 
above  and  their  central  portions  were  cut 
down  to  a  thickness  of  about  i  cm. 
This  shape,  however,  is  inferior,  on  ac- 
count of  both  insulation  and  expense,  to  the  simpler  shape  illus- 
trated in  Fig.  6. 

The  construction  of  key  4  is  shown  in  Figs.  7  and  8.  A  brass 
strip  B,  similar  to  those  used  in  keys  1,2,  and  3,  is  screwed  at  one 
end  to  the  under  side  of  the  top  of  the  key  box.  The  other  end  is 
screwed  to  one  end  of  a  small  oblong  block  G  of  amber.  A  fine 
spring  brass  wire  /  is  fastened  to  the  other  end  of  the  amber  block 


Fig.  8. 
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by  means  of  a  screw  H^  which  connects  /  to  a  fine  brass  wire  run- 
ning to  the  lower  terminal  of  key  i.  When  B  is  lowered,  the  wire 
/  makes  contact  with  a  brass  rod  /,  and  hence,  by  a  fine  brass  wire, 
with  the  lower  terminal  of  the  electrometer  key  3.  The  rod  J  is 
supported  by  an  amber  block  K  screwed  to  the  brass  plate  Z,  itself 
screwed  to  one  side  of  the  key  box  M.  The  strip  B  is  raised  and 
lowered  by  means  of  the  brass  rod  C,  which  is  threaded  and  carries 
two  brass  nuts  D  and  E,  The  rod  moves  vertically  through  the 
brass  tube  F,  passing  through  the  top  of  the  box,  the  distance 
through  which  it  moves  and  the  position  it  occupies  when  I  makes 
or  breaks  contact  with  /  being  regulated  finely  by  the  nuts  D  and  E, 
Friction  retains  the  rod  C  in  either  position  in  which  it  is  set. 

The  keys  i,  2,  3,  4  were  mounted  in  and  on  a  brass-lined  key 
box  E,  Fig.  9.     The  box  contained  also  a  commutator  ABCD.     It 


3^ 


Fig.  9. 

was  made  of  a  block  of  amber  about  5  cm.  x  5  cm.  x  2.5  cm.,  four 
brass  posts  A^  J?,  C,  D  screwed  into  the  amber  at  the  corners  of  a 
square,  with  two  vertical  saw  cuts  at  right  angles  in  the  top  of  each, 
and  two  thin  strips  of  brass  by  which  the  connections  were  made. 
It  was  mounted  on  a  short  pillar  of  brass,  itself  on  a  brass  plate  by 
which  it  was  clamped  to  the  base  of  the  key  box.  This  box  was 
fastened  to  a  heavy  wall  shelf  which  projected  over  the  edge  of  the 
table  supporting  the  great  coil.  The  diagram  shows  roughly  the 
relative  positions  of  the  keys,  coil,  etc.,  together  with  the  electrical 
connections  with  the  lower  terminals  of  keys  i,  2,  and  3.  The 
posts  C  and  B  of  the  commutator  were  connected  by  the  jointed 
brass  rods  A!' and  L  with  the  brass  tube  G  and  the  rod/,  of  Fig.  3, 
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respectively.  The  rod  K  passed  through  a  brass  tube  /,  projecting 
through  the  side  of  the  box,  and  a  considerably  smaller  brass  tube 
G^  telescoping  with  /,  screwed  to  the  upper  brass  plate  closing  the 
space  within  the  great  coil.  The  space  between  /  and  G  was  par- 
tially filled  with  cotton  wool.  The  joint  was  sometimes  covered  with 
tin  foil.  The  rod  L  passed  through  a  similar  arrangement  of  brass 
tubes,  cotton,  and  tin  foil.  This  arrangement  prevented  the  trans- 
mission of  any  vibration  from  the  motor  and  rotating  apparatus  to 
the  key  box,  and  at  the  same  time  formed  a  perfect  electric  screen 
and  prevented  the  rapid  escape,  by  this  channel,  of  dry  air  within 
the  box. 

The  electrometer  was  mounted  in  a  brass-lined  box  5,  Fig.  9, 
screwed  to  a  firm  wall  shelf  The  boxes  E  and  5  were  about  1.7  m. 
apart  and  were  connected  by  the  brass  tubes  P^  Q,  and  R,  Narrow 
pieces  of  amber  N  and  O  were  screwed  in  P  and  Q  along  diameters, 
and  a  fine  brass  wire  M^  connected  at  one  end  with  the  lower  ter- 
minal of  key  3  and  at  the  other  with  the  electrometer,  was  stretched, 
but  not  tightly,  between  them.  The  electrometer  was  an  instru- 
ment of  the  Dolezalek  type,  with  amberoid  insulation,  by  the 
Cambridge  Scientific  Instrument  Company.  It  was  modified  in  the 
instrument  shop,  a  charging  key  being  added,  and  two  of  the  quad- 
rants being  made  adjustable  radially  for  symmetry.  The  needle 
furnished  with  the  instrument  by  the  makers  was  injured  and  it  was 
replaced  by  one  made  in  this  country,  for  the  earlier  observations. 
The  needle  was  magnetic,  a  fact  which  was  very  troublesome  until 
the  instrument  was  removed  to  a  considerable  distance  from  the 
coil.  Its  behavior  was  improved  by  substituting  a  wooden  rod  for 
the  aluminium  rod  and  vane  originally  carrying  the  mirror.  The 
method  of  experiment  entirely  eliminated  any  error  due  to  the 
residual  deflection  of  the  needle  by  a  magnetic  field,  as  the  fields 
were  always  destroyed  many  seconds  before  the  deflection  was 
read.  The  mirror  was  slightly  convex,  and  gave  excellent  defini- 
tion with  the  telescope  and  2  mm.  scale  used  in  the  greater  part  of 
the  work.  In  the  experiments  of  1908  an  excellent  new  Cambridge 
needle,  with  the  old  mirror,  was  used.  The  telescope  and  scale 
were  mounted  on  a  pier,  the  scale  being  about  4.2  m.  from  the 
mirror.     Tenths  of  divisions  were  easily  estimated  with  certainty  on 
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the  2  mm.  scale ;  on  a  mm.  scale  used  chiefly  in  the  earlier  part  of 
the  work  they  were  estimated  without  great  certainty.  Several  quartz 
fibers,  varying  in  diameter  from  about  6  /i  to  about  9  /i,  were  used 
in  the  course  of  the  work.  The  needle  was  charged,  through  the 
key,  to  a  potential  of  about  150  volts  by  means  of  a  water 
battery. 

The  current  which  traversed  the  great  coil  in  the  principal  experi- 
ment was  supplied  by  a  dynamo  in  the  electrical  engineering  labora- 
tory. By  a  simple  arrangement  of  two  switches  the  two  sections  in 
which  the  coil  was  wound  could  be  connected  either  in  parallel  or 
in  series.  The  terminals  of  this  arrangement  were  connected 
through  a  reversing  switch  directly  to  the  switchboard  and  dynamo 
mains.  The  capacity  of  the  current  meter,  an  excellent  Siemens  and 
Halske  volt-ammeter,  properly  tested  in  this  laboratory,  was  not  suf- 
ficient to  measure  the  total  current  when  the  two  sections  were  in 
parallel ;  hence  it  was  placed  in  one  of  the  coil  circuits  through  a 
reversing  switch,  and  the  resistances  of  the  two  coil  circuits  were 
made  the  same.  The  ammeter  was  on  the  pier  with  the  telescope, 
so  far  from  the  coil  as  not  to  be  affected  by  its  field.  Owing  to  the 
large  amount  of  power  consumed  in  the  coil  when  its  two  sections 
were  in  parallel,  many  seconds  elapsed  after  closing  the  circuit  be- 
fore the  current  reached  an  approximately  steady  value.  In  a 
single  experiment  the  current  was  required  for  30*,  but  its  value  had 
to  be  known  with  accuracy  only  at  the  end  of  this  time,  just  before 
insulating  the  tube  G  (see  above) ;  for  only  the  part  of  the  charge 
due  to  electric  absorption  could  be  affected  by  the  value  of  the  cur- 
rent prior  to  the  instant  mentioned.  The  ammeter  was  therefore 
read  at  this  instant. 

In  the  earlier  experiments  the  rotor  was  usually  driven  by  belt 
from  a  i  h.p.  direct  current  shunt-wound  motor.  The  same  dynamo 
supplied  power  to  this  motor  and  to  the  great  coil  —  an  objection- 
able arrangement,  but  the  only  one  practicable.  The  speeds,  how- 
ever, were  in  almost  all  cases  quite  sufficiently  constant.  Different 
speeds  were  obtained  by  using  different  pulleys  and  an  adjustable 
rheostat.  In  the  later  work  a  2  h.p.  alternating  current  motor  was 
used,  the  constancy  of  whose  speed  left  nothing  to  be  desired. 
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The  Magnetic  Field  of  the  Great  Coil. 


In  order  to  obtain  the  quantity  iT  and  one  of  the  quantities  con- 
stituting U,  viz.,  the  value  of  V  for  a  current  of  i  ampere  in  the  coil, 
or  F',  a  study  of  the  magnetic  field  throughout  the  region  occupied 
by  the  rotating  insulator  and  its  metal  cover  was  necessary.  The 
well  known  method  of  the  test  coil,  mutual  inductance  standard,  and 
ballistic  galvanometer  was  used,  all  necessary  care  being  taken  to  secure 
more  than  adequate  precision.  The  test  coils  were  wound  on  true  brass 
cylinders  from  No.  40  SSC.  copper  wire.  Each  coil  contained  from 
40  to  42  turns,  and  was  coaxial  with  the  rotor  when  under  experi- 
ment. Table  I.  gives  the  flux  in  electromagnetic  C.G.S.  units  through 
the  mean  turn  of  each  coil,  for  a  current  of  i  ampere  in  the  great  coil, 
as  a  function  of  its  distance  in  cm.  from  the  S.  end  of  the  bobbin. 
For  each  coil  a  smooth  curve  was  plotted  on  a  large  scale  between 
the  flux  and  the  distance.  From  each  curve  the  flux  through  the 
mean  turn  of  the  corresponding  coil  was  obtained  for  intervals  cor- 
responding to  every  half  cm.  of  the  length  of  the  central  cylinder  of 
the  rotor ;  and  from  these  and  the  necessary  additional  curve  readings, 
corresponding  to  points  near  the  ends  of  the  central  cylinder,  the 
mean  flux  through  the  mean  turn  was  calculated  for  the  whole  dis- 
tance between  the  ends  of  the  central  cylinder.     The  mean  flux  thus 


Table  I. 

Magnetic  Field  of  Great  Coil,    July  25,  1907. 

Coi 

Iz.                I               Coll  a.               '1             Coll 

3. 

1              Coil 

4. 

Distance. 

Flux.      >!  Distance. 

Flux.      '    Distance. 

Flux. 
1989 

Distance. 

1        4.2 

Flux. 

6.2 

1418      1 

6.2 

1770     li        5.2 

2491 

7.2 

1492      ' 

9.2 

2007              9.2 

2365 

1        7.2 

2926 

10.2 

1652      \ 

12.2 

2142      ,'      12.2 

2560 

1      10.2 

3258 

13.2 

1756 

15.2 

2225      1       15.2 

2658 

;      13.2 

3476 

16.2 

1824 

18.2 

2269     1,      18.2 

2704 

16.2 

3557 

19.2 

1838      , 

21.2 

2276     1       21.2 

2717 

19.2 

3588 

22.2 

1839      1       24.2 

2268             24.2 

2698 

22.2 

3593 

25.2 

1831            27.2 

2255     '       27.2 

2687 

1      25.2 

3582 

28.2 

1817      , 

30.2 

2228            30.2 

2657 

'      28.2 

3575 

3L2 

1793      1 

33.2 

2178            33.2 

2606 

3L2 

3518 

34.2 

1732 

36.2 

2084     1       36.2 

2473 

34.2 

3416 

37.2 

1651     1 

39.2 

1932      1      39.2 

2288 

37.2 

3232 

40.2 

1496 

42.2 

1682      '!      42.2 

2008 

1      40.2 

2934 

.... 

..... 
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determined  for  each  coil  is  given  in  Table  II.  This  table  also  gives 
the  mean  diameter  of  each  coil  and  the  ratio  of  the  mean  flux  through 
its  mean  turn  to  the  cross-section  of  this  turn,  i.  e,,  the  mean  mag- 
netic induction  parallel  to  the  axis  of  the  rotor  through  the  turn. 
The  results  show  that  the  mean  flux  across  a  right  section  of  the 
insulating  cylinder,  its  coat,  or  the  rotor,  is  proportional  to  the  area 
of  this  section,  and  equal  to  that  area  x  88.65  in  C.G.S.  electromag- 
netic units. 

Table  II. 


No.  of  Test  Coll. 


Mean  diameter  of  coil. 
Mean  flux  through  mean  turn. 
Mean  induction  through  mean  turn. 


5.009  cm. 
1746 
88.6 


5.571 
2162 
88.7 


3 


6.081 
2573 
88.6 


7.011 
3425 
88.7 


Mean  induction  through  mean  turns  of  all  four  coils  =  i^=r  88.65. 

The  Mean  Potential  of  the  Central  Surface  of  the  Rotor 
FOR  A  Current  of  i  Ampere  in  the  Great  Coil. 

Owing  to  lack  of  symmetry  and  to  the  extension  of  the  bearing 
surfaces  currents  exist  to  some  extent  in  the  rotor.  Hence  the 
quantity  sought  cannot  be  obtained  precisely  from  a  knowledge  of 
the  magnetic  field.  An  approximately  correct  value  can  be  ob- 
tained by  determining  the  mean  magnetic  flux  through  the  tubular 
bearing  surfaces  experimentally  by  means  of  a  suitable  test  coil,  etc., 
and  subtracting  this  from  the  mean  magnetic  flux  across  a  right  sec- 
tion of  the  central  cylinder  of  the  rotor,  obtained  from  its  diameter 
and  Table  II.  Near  the  close  of  the  work  described  here  this  was 
carefully  done,  and  the  value  1,613  C.G.S.  units  obtained.  This  is 
nearly  the  same  as  the  more  nearly  correct  value  found  earlier  by 
the  following  method  : 

The  brass  bearing  K,  Fig.  3,  was  replaced  by  a  bearing  of 
ebonite,  and  the  rod  JJhy  ^  long  brass  rod  of  the  same  diameter 
marked  in  cm.  Fastened  to  the  rod  at  a  known  point  was  a 
narrow  strip  of  brass  A  with  its  plane  vertical  and  perpendicular 
to  the  rod.  A  was  kept  pressed  against  the  rotor  by  means  of  a 
cross-piece  and  a  small  weight,  and  could  be  made  to  touch  the 
rotor  at  any  desired  distance  from  the  S.  end  of  the  bobbin.  The 
rotor  was  driven  very  uniformly,  and  almost  continuously  through- 
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out  a  series  of  observations,  by  a  storage  battery,  which  furnished 
current  at  the  same  time  to  the  great  coil.  The  current  was  meas- 
ured with  the  volt-ammeter  already  mentioned,  and  the  potential 
t/''',  or  the  voltage  from  the  point  of  contact  of  A  and  the  rotor  to 
the  earthed  bobbin,  was  measured  with  a  D' Arsonval  galvanometer, 


^^^^2;;-5s;:^s:;j2=o^ 


^,T0  a  gWO  OF 


^nn^^^^ 


Fig.   10. 

etc.,  the  apparatus  being  arranged  as  in  Fig.  lo.  The  battery 
shown  in  the  figure  was  of  course  used  only  for  calibration  pur- 
poses. Speeds  were  recorded  automatically  on  the  chronograph. 
Two  series  of  observations  were  taken  on  rotor  i.  The  resulting 
values  of  z/"',  or  v'"  for  a  current  of  i  ampere  in  the  great  coil  and 
a  rotor  speed  of  I  revolution  per  second,  in  C.G.S.  units,  are  given  as 
a  function  of  the  distance  D  in  cm.  from  the  S.  end  of  the  bobbin 
in  Table  III.     The  average  value  of  t/'",  or  F'",  for  the  central 

Table  III. 


First  Rotor.  June  17, 1907. 

Second  Rotor.  1 

December  3, 1907. 

D 

1/" 
First  Series. 

Second  Series. 

Mean. 

D 

"^" 

7.6 

1390 

1385 

1388 

7.1 

1372 

8.6 

1444 

1440 

1442 

8.2 

1416 

10.6 

1551 

1544 

1548 

9.2 

1479 

12.6 

1615 

1613 

1614 

11.2 

1569 

14.6 

1658 

1662 

1660 

13.2 

1629 

16.6 

1690 

1679 

1684 

15.2 

1679 

18.6 

1703 

1701 

1702 

17.2 

1703 

20.6 

1702 

1702 

1702 

19.2 

1711 

22.6 

1715 

1713 

1714 

21.2 

1714 

24.6 

1702 

1705 

1704 

23.2 

1698 

26.6 

1700 

1700 

1700 

25.2 

1703 

28.6 

1687 

1691 

1689 

27.2 

1695 

30.6 

1678 

1673 

1676 

29.2 

1694 

32.6 

1643 

1638 

1640 

31.2 

1665 

34.6 

1595 

1603 

1599 

33.2 

1635 

36.6 

1541 

1545 

1543 

35.2 

1588 

38.6 

1457 

1470 

1464 

37.2 

1523 

40.1 

1336 

1358 

1347 

39.2 
40.2 

1448 
1389 
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surface  of  rotor  i  was  1,616  C.G.S.  units,  each  series  giving  the  same 
result.  The  results  of  a  similar  series  of  observations  on  rotor  2 
arc  given  in  the  same  table.  From  this  scries  F'"  for  rotor  2  is 
1,620  C.G.S.  units.  An  earlier,  but  inferior,  set,  obtained  under 
adverse  conditions,  gave  1,617  C.G.S.' units.  Within  the  limits  of 
experimental  error  these  values  are  all  identical ;  and  as  the  differ- 
ences between  the  diameters,  lengths,  and  positions  of  the  central 
surfaces  of  the  two  rotors  were  neglible,  the  mean  of  the  first  and 
second  results,  viz.,  W  =  1,618  C.G.S.  units,  or  0.00001618  volt, 
will  be  adopted  for  both  rotors. 

It  was  also  found  by  experiment  that  the  voltage  between  the 
two  ends  of  the  great  bobbin  was  less  than  one  sixth  per  cent,  of  the 
potential  of  the  center  of  the  central  surface  of  the  rotor. 

Determination  of  the  Dielectric  Constants. 
To  determine  the  dielectric  constant  of  the  insulator  A,  the  rod  / 
was  connected  with  the  lower  terminal  of  key  i,  and  the  tube  G 
with  that  of  key  2,  Fig.  11,  the  change 
from  the  arrangement  used  in  the  ex- 
periment proper  being  made  by  means 
of  the  commutator  ABCD  of  Fig,  9. 
Also  the  lower  terminal  of  key  i  was 


ToSetc, 
•  t   r2 


A"^ 


To  J 


®rr' 
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connected  to  the  **  charge,"  or  lower,  pig.  11. 

terminal  A  of  di  Kempe  key  6,  the 

upper  terminal  B  of  which  was  earthed.  The  lever  of  the  key  was 
connected  with  one  armature  of  a  standard  mica  condenser  C,  whose 
other  armature  was  earthed. 

In  the  determination  of  a  dielectric  constant  two  series  of  opera- 
tions were  necessary,  (i)  The  resistance  R,  Fig.  3,  was  given  a  con- 
siderable value  R^.  Initially  keys  i,  2,  and  3  were  closed,  iV  down, 
4  and  5  open,  and  the  lever  of  6  up.  Then,  in  succession,  (a)  5 
was  closed,  (6)  N  was  raised,  {c)  5  was  opened,  {d)  i  was  opened, 
(e)  4  was  closed,  (/)  the  lever  of  6  was  lowered,  {g)  3  was  opened, 
(A)  N  was  lowered,  and  the  electrometer  scale  reading  was  taken. 
The  process  was  repeated  with  the  commutator  5  reversed,  and  the 
double  deflection  d^  was  obtained.  In  each  of  these  processes  the 
condenser  FAB  was  first  charged  to  a  voltage    V^  =  RJ  (/  being 
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the  constant  current  in  the  circuit  RST).  The  field  of  this  con- 
denser, surrounded  by  the  guard  tube  G  at  the  same  potential  as 
its  outer  coat,  was  essentially  a  straight-line  field  confined  to  the 
dielectric  A.  Then  the  conductor  F  was  connected  to  the  insulated 
terminal  of  the  standard  condenser  C,  and  the  combination  was  then 
connected  with  the  electrometer,  G  and  all  other  conductors  being 
earthed. 

(2)  The  resistance  R  was  given  a  much  smaller  value  /?,,  while 
the  total  resistance  R  +  S  was  kept  the  same  as  in  (i).  Initially 
I,  2,  and  3  were  closed,  4  and  5  open,  -AT down,  and  the  lever  of  6 
down.  Then,  in  succession,  (a)  the  lever  of  6  was  thrown  to  **  insu- 
late," (d)  5  was  closed,  {c)  the  lever  of  6  was  lowered,  and  (d)  then 
immediately  raised  to  **  insulate,"  (e)  5  was  opened,  (/)  i  was  opened, 
(g)  4  was  closed,  (A)  3  was  opened,  (i)  the  lever  of  6  was  lowered, 
and  the  electrometer  reading  was  taken.  The  process  was  then  re- 
peated with  the  commutator  5  reversed,  and  the  double  deflection 
d^  was  obtained.  In  each  of  these  processes  the  standard  con- 
denser was  first  charged  to  a  voltage  V^  =»  R^/,  and  its  insulated 
terminal  then  connected  to  the  conductor  F,  all  the  conductors  at 
the  end  of  process  (2)  being  connected  precisely  as  at  the  end  of 
process  (i). 

The  double  deflections  of  the  electrometer  in  (i)  and  (2)  are  pro- 
portional to  the  charges  on  the  insulated  conductors.  The  charge 
in  (i)  is  very  approximately  5"  F^  The  charge  in  (2)  is  S^V^,  if  5", 
denotes  the  capacity  of  the  standard  condenser.     Thus 

dr  S,F,-S,R,^ 
or 

from  which  S^^  can  be  readily  determined.  The  dielectric  constant 
K  can  then  be  obtained  from  5"  and  the  dimensions  of  the  cylinder 
A,  If  rj  and  r^  are  the  internal  and  external  radii  of  this  cylinder, 
and  /  its  length,  we  have 
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The  capacity  S'  is  slightly  greater  than  that  of  the  straight-line  field 
Hence  K  as  determined  above  will  be  slightly  too  large.  An  error 
in  K,  however,  makes  a  much  smaller  error  inA"—  i/AT,  the  quan- 
tity with  which  we  are  concerned,  since  <HdK\(K^  i)/-^]  =  i/AT*. 

The  condenser  used  in  the  earlier  experiments  in  sulphur,  ebonite, 
and  rosin,  was  the  0.02  M.F.  division  of  an  Elliott  i  M.F.  mica 
condenser.  The  capacity  of  this  division  was  compared  with  that  of 
each  higher  division,  from  0.05  M.F.  to  0.50  M.F.,  by  charging  each 
to  a  voltage  inversely  proportional  to  its  nominal  capacity,  and 
measuring  the  resulting  throw  on  discharging  through  a  ballistic 
galvanometer.  The  throw  produced  by  the  0.02  M.F.  division  was 
4.79  cm.,  which  is  just  equal  to  the  mean  of  the  throws  produced 
by  the  other  divisions. 

In  order  to  secure  higher  insulation  than  could  readily  be  obtained 
with  the  Elliott  condenser,  with  external  insulation  of  ebonite  and 
paraffin,  it  was  replaced,  in  the  later  work,  by  a  condenser  con- 
structed according  to  my  design  by  Messrs.  Leeds  and  Northrup. 
This  is  a  mica  condenser  with  air  and  amber  external  insulation. 
The  terminals  of  the  armatures  are  insulated  by  amber  pillars,  petti- 
coated  at  the  bottom,  and  fastened  through  the  top  of  a  small  brass 
box.  This  condenser  also  failed  to  insulate  sufficiently  under  condi- 
tions prevalent  here ;  but  it  was  made  to  insulate  excellently  by  per- 
forating the  brass  box  with  numerous  holes,  inserting  all  but  the 
top  in  a  larger  paraffin-soaked  wooden  box  whose  bottom  was  cov- 
ered with  calcium  chloride,  and  sealing  up  with  beeswax.  To  in- 
crease the  insulation  still  further,  the  condenser  was  ordinarily  kept, 
while  in  use,  within  a  large  box  heated  to  a  temperature  consider- 
ably higher  than  that  of  the  room.  The  capadt}-  of  this  condenser 
was  certified  by  the  makers  to  be  0.02  M.F.,  according  to  their  own 
standard,  within  one  fourth  per  cent.  It  did  not  differ  by  as  much  as 
one  sixth  per  cent,  from  that  of  the  Elliott  condenser  previously  used. 

The  key  6  used  in  the  earlier  work  was  a  Kempe  key  in  ebonite 
and  brass  by  Elliott.  For  the  later  work  this  key  was  modified  in 
the  instrument  shop  of  this  laboratory.  The  ebonite  was  replaced 
throughout  by  amber  and  brass,  the  insulation  of  amber  being  much 
superior  to  that  of  ebonite. 

Connection  between  key  6  and  key  i  was  made  by  fine  brass 
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wires  G  and  H  and  the  other  apparatus  shown  in  Fig.  1 2.  The 
brass  tube  A  passed  through  a  hole  in  the  top  of  the  key  box,  and 
was  held  in  position  by  a  small  ring  B,  It 
held  in  position  a  tube  of  amber  FF,  to  the 
bottom  of  which  was  screwed  a  brass  plate  E, 
During  experiments  on  capacity,  a  slender 
brass  binding  post  D  was  kept  screwed  into 
the  middle  of  the  plate  E.  Except  when  ca- 
pacity measurements  were  in  progress,  the  rod 
D  was  removed  and  the  cylinder  A  was  cov- 
ered with  a  brass  cap  C, 

The  First  Experiments  on  Sulphur. 
The  sulphur  used  for  the  first  cylinder  which  was  successfully 
prepared  was  of  the  grade  known  as  "washed  sulphur."  A  rough 
cylinder  of  this  material  was  cast  in  a  cylindrical  mold  on  the  first 
bronze  rotor,  and  this  cylinder  was  accurately  turned  up  on  a  lathe. 
It  was  covered  with  a  thin  coat  of  brass  in  the  following  manner,  at 
the  suggestion  of  Professor  Stratton  and  Mr.  Lange,  of  the  National 
Bureau  of  Standards,  accidents  having  interfered  with  the  success  of 
the  electroplating  process  used  later  in  coating  a  number  of  other 
cylinders  with  copper,  and  with  another  electrolytic  process.  A 
very  uniform  brass  tube,  whose  internal  diameter  was  about  the 
diameter  desired  for  the  sulphur  cylinder,  not  yet  turned,  was 
pounded  onto  an  accurately  turned  cylinder  of  steel,  prepared  for 
the  purpose.  The  average  departure  of  1 3  diameters  of  this  cyl- 
inder from  their  mean  was  much  less  than  0.00 1  cm.  The  steel 
cylinder  was  then  mounted  in  a  lathe,  and  the  brass  coat  was  turned 
down  until  about  0.025  cm.  thick.  The  brass  coat  was  then  heated 
and  slipped  off  the  steel  cylinder.  The  sulphur  cylinder  was  turned 
to  a  diameter  about  0.002  cm.  less  than  that  of  the  steel.  The 
brass  tube  was  then  forced  onto  the  sulphur  cylinder.  In  this 
process  the  rotor  and  sulphur  cylinder  were  bent,  but  they  were 
very  approximately  straightened  by  Mr.  Lange,  with  great  skill,  in 
a  heavy  drill  press.  The  rotor  was  then  mounted  in  a  lathe,  the 
brass  tube  and  sulphur  cylinder  were  cut  off  at  the  proper  points, 
and  the  brass  tube  was  turned  down  until  its  mean  external  diameter 
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was  6.832  cm.  The  precision  of  the  turning  was  as  great  as  in  the 
case  of  the  sulphur  cylinder,  whose  mean  diameter,  obtained  from 
26  properly  spaced  readings,  was  6.802  cm.,  the  average  departure 
of  a  single  reading  from  the  mean  being  much  less  than  o.ooi  cm. 
The  difference  between  6.832  cm.  and  6.802  cm.  would  give  0.015 
cm.  as  the  thickness  of  the  brass  coat.  After  the  experiments  were 
completed  this  thickness  was  studied  more  carefully.  The  brass 
coat  was  removed  and  cut  into  1 1  strips,  each  about  3  cm.  wide. 
The  thickness  of  each  of  these  strips,  which  were  about  21.4  cm. 
long,  was  measured  at  7  points  about  3  cm.  apart.  The  mean  thick- 
ness obtained  in  this  way  was  0.0156  cm.  Each  strip  gave  nearly 
the  same  mean,  the  variations  being  about  0.00 1  cm.  But  the  mean 
thickness  along  one  generating  line  of  the  cylinder  was  o.oi  I  cm. 
(the  minimum),  and  that  along  an  almost  diametrically  opposite 
generating  line  was  0.022  cm.  (the  maximum).  Thus  the  axis  of 
the  outer  surface  of  the  coat  was  parallel  to  that  of  the  inner  surface, 
the  rotor,  etc.,  but  was  slightly  displaced  laterally  therefrom.  The 
departures  from  the  theoretical  conditions  of  the  experiments  could 
have  had  no  appreciable  effect  on  the  results  even  had  the  work 
been  of  far  greater  precision. 

The  dielectric  constant  of  the  sulphur  was  measured  by  the  process 
described  above.  The  manner  in  which  this  constant  depended 
upon  the  time  of  charging  was  first  investigated  by  repeating 
process  (i)  for  a  number  of  different  times  of  charging,  from  i 
second  to  40  seconds.  The  capacities  and  dielectric  constants  were 
approximately  proportional  to  the  electrometer  throws  given  in  the 
following  table : 


Time  in  seconds  : 

1 

10 

20 

30 

40 

Mean  electrometer  throw : 

11.25 

11.36 

11.38 

11.43 

11.42 

The  results  show  that  absorption  is  practically  complete  after 
30'  at  most.  This  fact  being  known,  the  dielectric  constant  was 
determined  by  a  series  of  the  processes  (i)  and  (2),  performed 
alternately  to  eliminate  a  possible  change  in  the  electrometer's  sensi- 
bility, the  time  of  charging  in  (i)  being  30".  The  values  of  7?j  and 
7?2  were  5,000  ohms  and  50  ohms,  respectively.  The  results  are 
given  in  the  following  table  : 
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Process:  (2)  (1)  (2)  (1)  (2) 

Mean  throw:         8.80  10.70  8.80  10.69  8.81 

The  ratio  of  the  mean  throw  for  process  (i)  to  that  for  process 
(2)  is  1.2 1 5,  that  of -^j  to  R^  100.  Together  with  the  dimensions 
of  the  sulphur  cylinder,  these  data  give  for  the  dielectric  constant 

Ar=  3.89  for  the  time  of  charging  30". 

The  process  of  "  calibration  "  .was  carried  out  as  follows :  Initially 
keys  1,2,3  w^**^  closed,  N  down  (in  contact  with  F),  and  4  and  5 
open.  Then,  in  succession,  {a)  5  was  closed,  {b)  N  raised,  {c)  5 
opened,  {d)  I  opened,  {e)  4  closed,  (/)  3  opened,  {g)  N  lowered, 
and  (A)  the  electrometer  scale  reading  taken.  The  process  was  then 
repeated  with  5  reversed,  and  again  with  5  in  its  original  position. 
The  double  deflection  d^  corresponding  to  the  voltage  V^  along  R 
was  obtained.  In  this  process,  all  the  operations,  with  a  few  excep- 
tions, were  performed  in  quick  succession.  In  (a),  5  was  kept 
closed  for  30' ;  in  (/)  3  was  opened  30'  after  N  was  raised  in  (3). 
except  in  the  earlier  experiments,  when  this  interval  was  20" ;  and 
the  electrometer  reading  in  (Jt)  was  ordinarily  taken  70'  after  the 
opening  of  3  in  (/).  The  20"  or  30*  interval  between  {b)  and  (/)  was 
determined  on  from  a  series  of  experiments  in  which  this  interval 
was  varied  from  5*  to  30'.  The  electrometer  throws  increased  from 
1 1.66  for  5"  to  1 1.76  for  15"  to  30'. 

In  the  experiment  proper,  keys  i  and  5  were  initially  open,  2,  3, 
4  closed,  N  down,  the  rotor  at  rest,  and  the  current  in  the  coil 
zero.  Then,  in  succession,  N  was  raised,  the  motor  was  started  and 
brought  to  full  speed,  the  coil  circuit  was  closed,  the  current  was 
determined,  3  was  opened  30"  after  the  coil  circuit  was  closed,  the 
coil  circuit  was  broken,  the  motor  was  stopped,  N  was  lowered,  and 
the  electrometer  scale  reading  was  taken,  ordinarilly  70®  after  3  was 
opened.  The  process  was  repeated  with  the  coil  current  reversed, 
and  again  with  the  current  in  the  original  direction.  The  double 
deflection  d  corresponding  to  the  coil  current  /  and  the  period  r  of 
the  rotor  was  determined.  All  operations  were  performed  in  quick 
succession,  except  as  indicated. 

In  both  sets  of  experiments  the  double  deflection  of  the  elec- 
trometer was  obtained  by  taking  the  difference  between  the  second 
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reading  and  the  mean  of  the  first  and  third.  In  most  cases  four  or 
more  readings  were  taken  instead  of  three,  deflections  being  alter- 
nately in  opposite  directions.  In  such  cases  the  same  mode  of 
combination  was  followed.  Thus,  in  the  case  of  four  readings,  the 
first  and  third  were  combined  with  the  second,  and  the  second  and 
fourth  with  the  third ;  and  the  mean  of  the  two  double  deflections 
Wias  taken.  All  observations  were  taken  at  regular  intervals,  the 
times  being  recorded.  The  quotient  of  the  current  and  the  period 
of  the  rotor  was  treated  like  the  electrometer  deflection  in  combin- 
ing observations.  In  case  a  single  observation  had  to  be  rejected, 
the  two  preceding  and  the  two  following  were  combined.  A  few 
observations  were  rejected  because  the  wire  N  was  accidentally  left: 
or  put  in  contact  with  the  tube  F  while  the  rotor  was  in  motion,  which 
caused  fine  particles  of  metal  to  fly  off"  from  N  and  F  to  (7,  or  be- 
cause particles  flew  off*  for  other  reasons.  In  this  way  large  deflec- 
tions, entirely  different  from  those  due  to  the  effect  in  question,  were 
produced. 

As  the  sensibility  of  the  electrometer  did  not  remain  constant 
throughout  a  series  of  observations,  the  "calibration"  was  performed 
a  number  of  times  during  each  series  of  obsei'vations,  for  a  known 
value  of  V^  \  and  from  these  observations  a  curve  was  plotted  be- 
tween d^  and  the  time,  from  which  d^  was  obtained  for  any  time  for 
which  it  was  needed.  In  no  case  was  the  average  departure  of  the 
experimental  value  of  d^  from  the  value  given  by  the  curve  less 
than  about  one  half  per  cent,  or  greater  than  about  three  fourths 
per  cent. 

The  mean  values  of  r,  /,  d\d^  •  V^,  I/t  and  d/d^  •  V^  •  r//  for  each  set 
of  observations  are  given  in  Table  IV.  The  table  also  gives  the 
ranges  of  d  and  d^.  The  values  of  the  quantities  in  the  seventh 
and  eighth  columns  were  calculated  as  indicated  above,  and  not 
from  the  values  of  r  and  /  given  in  the  table,  which  are  simply  the 
mean  values  for  the  sets,  inserted  to  show  the  approximate  values 
of  the  quantities  in  the  different  experiments.  Owing  to  the  large 
departures  of  the  single  observations  of  d  from  their  mean,  these 
mean  values  of  r  and  /  could,  of  course,  have  been  used  in  the 
calculations  without  serious  effect.  The  mean  value  of  d/d^  •  V^  •  r// 
given  at  the  foot  of  the  last  column  was  obtained  by  multiplying 
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the  numbers  in  each  of  the  two  columns  immediately  preceding  by 
the  number  of  observations  in  the  set,  adding  in  two  columns,  and 
dividing  the  sums  of  the  numbers  in  the  first  column  by  the  sum 
of  those  in  the  second. 

Table  IV. 

First  Sulphur  Cylinder,    June  10-14,  1907. 


No.  of 
Set. 

No.  of 
Observa- 
tions 
in  Set. 

r  X  xoo  in 
Seconds. 

/in 
Amperes. 

^incm. 

^eincm> 

in 
Volts. 

^. 

d\d^-y^-rll. 

1 

7 

1.435 

12.15 

0.0252 

845 

0.0000298 

2 

6 

1.446 

12.21 

231 

844 

274 

3 

8 

1.455 

12.00 

234 

828 

283 

4 

1.457 

11.93 

206 

819 

252 

5 

1.474 

21.38 

From 

From 

395 

1453 

272 

6 

1.472 

20.63 

1.58 

6.24 

381 

1399 

272 

7 

1.442 

12.48 

to 

to 

225 

865 

260 

8 

1.447 

12.18 

6.92 

7.56 

226 

843 

268 

9 

1.488 

21.60 

383 

1450 

264 

10 

1.471 

21.06 

384 

1431 

268 

11 

1.344 

11.77 

212 

887 

239 

12 

3.35 

21.71 

172 

647 

266 

13 

3.72 

20.14 

136 

543 

250 

14 

3.77 

21.28 

140 

568 

246 

15 

2.37 

11.50 

144 

490 

294 

16 

1.368 

20.42 

368 

1496 

2A6 

17 

10 

1.288 

11.27    ! 

227 

878 

259 

18 

1.305 

20.10 

408 

1542 

265 

19 

2.57 

11.20 

109 

430 

253 

20 

2.91 

19.98     ! 

162 

690 

235 

Weighted  mean  0.0000264^^ 
Average  departure  from  mean  13 


From  the  data  given  above,  the  value  of  Wf^K—-  i)IK  for  the  sul- 
phur cylinder  is  0.00001450  x  2.89/3.89  volt  ==  0. 0000 1 08  volt, 
and  the  value  of  U\s  0.0000 16 18  volt  +  0.00000030  volt  =  0.0000- 
1648  volt.  Hence  the  mean  value  of  djd^  •  V^  •  r//—  U  is  0.0000 100 
volt,  which  differs  from  W(K  —  i)/K  by  between  7  per  cent,  and  8 
per  cent.  This  discrepancy  is  less,  however,  than  the  average 
departure  from  their  mean  of  the  values  of  d/d^  •  V^  •  r//  for  the  sep- 
arate sets,  which  is  about  13  per  cent.  The  theory  of  Lorentz  is 
thus  confirmed  within  the  limits  of  the  experimental  error ;  while 
the  discrepancy  between  the  experimental  results  and  those  to  be 
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expected  on  the  ether  motion  theory  is  over  45  parts  in  145,  or 
over  3 1  per  cent. 

The  constancy  of  the  last  column  in  the  table  shows  that 
djd^  •  Vq—  Uis  proportional  to  /  and  inversely  proportional  to  r,  as 
required  by  all  theories.     The  same  thing  is  shown  by  Fig.  13,  in 


4Wt 


5« 


200 


X 

^/OO 
^1^ 


X 


Fig.  13. 

which  the  continuous  line  gives  the  relation  between  d/d^  •  V^  and 
//r,  and  the  dotted  line  that  between  [/  and  //r.  The  full  line  is 
so  drawn  that  the  ratio  of  the  ordinate  of  any  point  to  its  abscissa 
is  the  weighted  mean  0.0000264J,  and  the  separate  sets  of  observa- 
tions are  indicated  in  the  usual  way. 

In  order  to  obtain  sufficient  insulation  the  room  in  which  the  ex- 
periments were  performed  was  kept  at  a  temperature  considerably 
higher  than  that  outside,  and  bottles  of  sulphuric  acid  were  kept 
inside  the  key  box  and  the  electrometer  box.  For  the  same  pur- 
pose, and  also  to  remove  dust  from  the  chamber  in  which  the  rotor 
moved,  a  slow  stream  of  air  was  driven  into  the  inlet  /  through  a 
calcium  chloride  bottle  and  a  cotton  filter.  This  was  kept  up  day 
and  night  by  a  hand  bellows  operated  by  a  small  motor. 

The  First  Experiments  on  Rosin. 

A  rough  cylinder  of  rosin,  of  one  of  the  lighter  varieties,  was 
cast  on  rotor  2,  and  was  then  turned  up  accurately  in  a  lathe.  Its 
length,  like  that  of  the  central  cylinder  of  the  rotor,  was  33.6  cm. 
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within  ^^  per  cent,  and  its  mean  diameter  was  6.651  cm.  from  12 
measurements  equally  spaced  along  the  cylinder,  the  average  de- 
parture from  the  mean  being  0.002  cm.  The  rosin  cylinder,  before 
being  cut  to  the  proper  length,  was  covered  with  a  thin  sheet  of 
copper  by  the  well-known  electrolytic  process  used  in  electrotyping. 
The  rosin  was  first  rubbed  with  powdered  graphite.  A  thin  sheet 
of  copper  was  then  deposited  by  sprinkling  the  surface  with  iron 
filings  and  rotating  it  in  a  solution  of  copper  sulphate.  After  being 
washed,  the  copper  coat  was  thickened  by  being  made  the  kathode 
in  a  copper  sulphate  electrolytic  cell  whose  anode  was  a  circular 
cylinder  of  copper  nearly  coaxial  with  the  rotor.  After  being  elec- 
troplated, the  cylinder  was  treated  with  emery  paper  and  sand 
paper  in  a  lathe  and  its  ends  trued  to  the  rotor.  After  the  ex- 
periments the  copper  coat  was  stripped  oflT  and  weighed.  From 
the  weight  and  area  of  the  sheet  and  the  density  of  copper  the 
mean  thickness  was  found  to  be  0.025  cm. 

Table  V. 

First  Rosin  Cylinder,   July  23-24,  1907. 


No.  of 
Set. 

1      No.  of 

Observa- 
!      tlone 
1     in  Set. 

rX  loo 
in  Seconds. 

/in 
Amperes. 

d\dy    Ko 

in  Volts. 

//r. 

d]d^.V^-r\I. 

1 

!        6 

1.433 

20.91 

0.0352 

1453 

0.0000242 

2 

!        6 

1.385 

11.17 

196 

806 

244 

3 

;     7 

1.212 

11.26 

234 

931 

240 

4 

1     6 

1.231 

20.22 

405 

1641 

247 

5 

1        4 

1.503 

12.06 

177 

801 

220 

6 

1        4 

1.420 

11.91 

189 

839 

225 

7 

5 

1.463 

21.49 

356 

1472 

'              242 

8 

1      10 

1.446 

21.16 

350 

1458 

240 

9 

4 

1.187 

20.00 

426 

1696 

251 

Weighted  mean  0.0000242^ 
Average  departure  from  mean  7 

The  dielectric  constant  of  the  rosin  was  determined  in  the  same 
manner  as  that  of  the  sulphur.  Three  sets  of  measurements  each 
gave  this  constant  as  2.99  for  a  charging  time  of  30  seconds. 

The  experiments  on  the  motion  of  the  rosin  in  a  magnetic  field 
was  conducted  in  nearly  the  same  manner  as  the  corresponding  ex- 
periments on  sulphur.     But  instead  of  series  of  **  calibration  "  ex- 
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periments,  a  series  of  determinations  of  the  voltage  sensibility  was 
made  on  each  of  the  two  observation  days ;  and  the  ratio  of  the 
"calibration"  deflection  to  the  voltage  deflection  for  the  same 
E.M.F.  was  determined  once  for  all  from  a  special  series  of  ob- 
servations. Also,  the  bellows  was  not  operated,  and  heat  was  not 
supplied  to  the  room,  for  a  number  of  hours  during  the  night. 
The  cylinder  was  heated  in  the  rotation  chamber  before  the  ex- 
periments began,  the  temperature  being  that  of  tap-water  during 
the  experiments. 

The  results  of  the  observations  are  given  in  Table  V.,  where  the 
same  symbols  are  used  as  in  Table  IV. 

From  the  data  given  in  this  table  and  earlier,  U  is  0.0000 166 J  volt, 
and  the  mean  value  of  djd^'  Vq-t/I— Wis  0.0000076  volt,  with  an 


"350 WT 

Fig.  14. 

average  departure  from  the  mean  of  nearly  i  o  per  cent.  The  quantity 
V  is  0.00001308  volt,  and  W{K^  i)!Kis  0.000087  volt.  The  dis- 
crepancy between  these  experimental  results  and  Lorentz's  theory  is 
thus  II  parts  in  87,  or  nearly  13  per  cent,  and  that  between  the 
experimental  results  and  the  alternative  theory  is  55  parts  in  131, 
or  42  per  cent.  The  experimental  error  is  large,  but  the  results  are 
again  decidedly  in  favor  of  the  first-named  theory. 

Like  the  experiments  on  sulphur,  those  on  rosin  show  a  direct 
proportionality  between  djd^  •  f^—  U  and  the  quotient  //r,  as  de- 
manded by  all  theories.  This  is  shown  by  the  table,  as  also  by  the 
graphs  of  Fig.  14.  The  upper  line  shows  the  relation  between 
djd^ '  Vq  and  //r,  and  the  lower  line  that  between  [/  and  //r. 
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The  First  Experiments  on  Ebonite. 
From  a  thick  ebonite  tube  five  hollow  cylinders  were  turned,  the 
sum  of  their  lengths  being  made  about  equal  to  the  length  of  the 
central  cylinder  of  rotor  i  and  their  internal  diameters  about  equal 
to  the  diameter  of  the  same  cylinder.  These  cylinders  were  forced 
into  position  on  the  rotor  and  the  outer  surface  of  the  long  ebonite 
cylinder  thus  formed  was  turned  down  to  a  mean  diameter  of  6.716 
cm.  This  surface  was  then  covered  with  a  thin  layer  of  shell-lac  and 
a  coat  of  silver  leaf,  after  which  the  whole  was  heated  inside  the 
great  coil.  The  dielectric  constant  of  the  ebonite  was  determined, 
and  found  to  be  3.90.  The  variation  of  this  constant  with  time  of 
charging  was  also  investigated.  It  was  approximately  proportional 
to  the  mean  electrometer  throws  in  the  following  table : 


Time  of  chmrging  : 
Mean  throw : 


10- 
21.45 


20- 
21.78 


30* 
21.84 


40- 
21.88 


Experiments  on  the  effect  of  the  motion  of  the  ebonite  in  the  mag- 
netic field  of  the  great  coil  were  begun,  but  the  effect  was  found  to 
be  completely  masked  by  another  and  much  larger  effect,  independ- 
ent of  the  magnetic  field  and  the  direction  of  rotation,  and  propor- 
tional to  the  square  of  the  frequency  of  rotation.  The  effect  was 
too  great  and  too  irregular  to  permit  of  its  elimination  in  the  mag- 
netic experiments  by  taking  observations  with  both  directions  of  the 
magnetic  field.  The  effect  was  such  as  would  be  produced  by  a 
radial  E.M.F.  acting  outward  in  the  ebonite  during  the  rotation  only 
and  proportional  to  the  square  of  the  frequency,  as  if  there  were  a 
centrifugal  differential  displacement  of  the  two  kinds  of  electrons. 

The  results  of  the  first  two  series  of  systematic  observations,  during 
which  the  mean  temperature  was  about  33°  C,  are  given  in  Table  VI. 

Table  VI. 

Ebonite  Cylinder, 


Time.     I 


June  as,  1907. 
S      I  T  X  xoo  I 


June  a6,  X907. 


S\r* 


40m 

56 
14 
36 
55 


12.85 
12.76 
12.71 
12.65 
12.61 


5.02- 
3.92 
3.60 
2.16 
1.91 


51X102 

83 

98 
271 
346 


1 


1.46' 
2.37 
2.82 
9.27 1 
11.97 1 


Time. 

IQh  17« 

11  25 

11  47 

2  18 

2  40 


s 

T  X  xoo  j        57t» 

9.58 

1.924     259X10» 

9.41 

1.228     624    " 

9.35 

1.204  1  645  ' " 

8.91 

0.743,1614    *' 

8.84 

0.861  1193    " 

7.75 
21.0 
21.7 
50.4 
41.2 
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The  relation  between  the  deflection  (Z>)  and  the  ratio  of  the  elec- 
trometer's sensibility  (5)  to  the  square  of  the  period  (r)  of  the  rotor 
is   shown  graphically  in  Fig.  15.     This  effect  was  studied  on  sev- 

10 '. 


so 


4C 

I.. 


Fig.   15. 


/sx/a* 


eral  days.  Its  magnitude  appeared  to  depend  on  the  temperature 
of  the  ebonite  and  on  other  factors,  no  one  of  which  has  yet  been 
sufficiently  investigated. 

The  effect  did  not  exist  with  the  rotor  alone,  and  it  did  not  exist, 
in  a  later  series  of  experiments,  either  with  the  rotor  alone,  or  when 
an  insulating  cylinder  of  the  usual  dimensions  but  completely  cov- 
ered with  copper  in  contact  with  the  rotor  was  rotated. 

Experiments  on  Paraffin  and  Spermaceti. 

A  cylinder  of  pure,  hard  paraffin  was  cast  on  one  of  the  rotors 
turned  true  on  a  lathe,  and  covered  with  a  copper  coat  by  the  elec- 
trolytic process  already  described.  The  electric  absorption  of  the 
paraffin  cylinder,  as  tested  with  an  electroscope,  was  so  great,  how- 
ever, that  no  further  experiments  were  made  with  it.  Doubtless  a 
cylinder  free  from  absorption  could  have  been  produced,  had  we 
been  able  to  cast  under  pressure.  But,  having  no  facilities  for  this, 
we  were  unable,  in  several  attempts,  to  get  a  homogeneous  cylinder 
free  from  numerous  cavities. 

Attempts  to  cast  on  a  rotor  cylinders  of  paraffin  and  of  sperma- 
ceti, at  once  homogeneous  and  firmly  adherent  to  the  rotor,  having 
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failed,  a  mixture  consisting  of  equal  parts,  by  weight,  of  the  two 
was  tried.  This  also  failed.  A  rough  adherent  cylinder  of  the 
mixture  was  finally  formed  by  a  dipping  process  similar  to  that  by 
which  the  old  fashioned  tallow  candle  was  formed.  This  was 
turned  up  and  coated  with  copper  in  the  usual  way.  The  absorp- 
tion of  this  cylinder,  also,  was  very  great.  Nevertheless  it  would 
have  been  examined  for  the  electrical  effect  in  question,  though  with- 
out hope  of  quantitative  results  of  value,  had  not  it  been  injured  by 
accident  just  as  the  experiments  were  starting. 

Later  Experiments  with  Sulphur. 

A  second  cylinder  of  sulphur  was  cast  on  rotor  2,  turned  down 
to  a  mean  diameter  of  about  6.934  cm.,  covered  with  a  layer  of 
paraffin  0.006  cm.  thick,  then  covered  with  a  coat  of  copper  0.046 
cm.  thick,  and  then  turned  down  at  the  ends  until  the  length  of  the 
cylinder  was  33.6  cm.  The  object  of  the  paraffin  coat  was  to  pre- 
vent the  penetration  of  the  copper  sulphate  solution,  used  in  elec- 
troplating, into  the  sulphur  cylinder. 

The  capacity  5"  of  the  cylinder  was  found  to  be  207  E.S.  units 
for  a  charging  time  of  30".  This  gives  the  dielectric  constant  (calcu- 
lated on  the  assumption  of  a  homogeneous  dielectric)  about  3.94 
for  the  time  30'.  The  absorption  was  investigated  as  in  the  case  of 
the  other  sulphur  cylinder.  The  capacity  for  different  times  of 
charging  was  approximately  proportional  to  the  throws  in  the  fol- 
lowing table : 

Time  of  charging :  !■  10»  20»  30"  SO" 

Mean  throw:  11.63        11.73        11.76        11.84        11.85 

No  experiments  on  the  electric  displacement  in  the  cylinder  due 
to  its  motion  in  a  magnetic  field  were  practicable,  as  this  effect,  at 
speeds  giving  sufficient  sensibility,  was  completely  masked  by  an  ap- 
parently **  centrifugal "  E.M.F.  similar  to  that  found  in  the  experi- 
ments on  ebonite,  but  in  the  opposite  direction,  the  E.M.F.  being 
directed  inward,  and  more  constant  in  time.  The  results  of  the 
observations  taken  on  the  last  day  on  which  experiments  were  made 
with  the  cylinder  are  given  in  Table  VII.  Each  deflection  (D) 
given  is  the  mean  from  ten  readings,  and  all  deflections  are  reduced 
to  the  same  electrometer  sensibility.     The  observations  made  on 
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Table  VII. 

Sicmd  Sulphur  Cylinder.     April  20,  1908. 

Speed. 

(Speed)*.                             Deflection  in  cm.  X  a 

37.3  r.p.s. 

1391                                            0.70 

70.5     " 

4970                                         3,09 

96.9    " 

9390                                       5.70 

earlier  days  were  consistent  with  those  given  in  the  table,  and  many 
of  them  much  better.  The  deflections  given  in  the  table  are  small 
for  the  reason  that  a  stiff  fiber  was  used  while  obtaining  them. 

The  observations  given  in  Table  VII.  are  plotted  in  Fig.  16. 
The  relation  between  the  deflection  and  the  square  of  the  speed  is 
seen  to  be  linear.  The  deflections  are  far  greater  than  those  due  to 
the  effect  which  alone  was  expected. 

The  effect  of  heat  on  the  non-magnetic  effect  was  tried  with  a  speed 
of  37  r.p.s.  Two  sets  of  observations  were  taken  at  the  mean 
temperature  25®  C,  and  between 
them  a  similar  set  at  41®  C.     The 

deflection 

departure 

while  the 

deflection 

departure 


tM      4Cd       uo 
Fig.  16. 


MUO 


former  gave   the   mean 

5.5,    with    an    average 

from  the  mean  of  0.3; 

latter   gave    the    mean 

6.7,    with    an    average 

from    the   mean   of    between    0.6 

and  0.7. 

While  the  nature  of  the  effect  observed  precluded  the  possibility 
of  its  being  due  to  the  presence  of  dust,  it  seemed  worth  while  to 
try  the  effect  of  blowing  the  dust  out  of  the  region  surrounding  the 
rotor  more  thoroughly  than  had  been  done.  This  was  done  by  a 
rotary  blower,  which  sent  a  strong  stream  of  air  into  and  through 
the  rotation  chamber  through  a  filter  of  cotton.  But  the  effect  per- 
sisted as  before.  The  cylinder  was  finally  destroyed  to  make  room 
for  the  rosin  cylinder  described  below. 

The  sulphur  cylinder  was  cast  on  March  18,  and  the  last  experi- 
ments, given  in  the  table,  were  performed  on  April  20.  The 
experiments  on  the  first  sulphur  cylinder  were  made  nearly  a  year 
aft:er  the  cylinder  was  cast  and  coated. 

A  few  weeks  after  the  completion  of  the  experiments  just  de- 
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scribed  another  cylinder  was  cast,  from  roll  sulphur,  and  was 
turned  up  and  coated  with  paraffin  and  a  very  thin  deposit  of 
copper.  The  cylinder  failed  to  insulate,  however,  and  it  was  found 
that  the  acid  had  penetrated  to  the  rotor  through  a  small  defect  in 
the  paraffin  coat.    Lack  of  time  prevented  further  work  on  sulphur. 

Later  Experiments  with  Rosin. 

Several  attempts  were  made  to  cast  and  turn  cylinders  of  brittle 
rosins,  but  without  success.  A  cylinder  was  then  prepared  from 
rosin  of  the  grade  known  as  "extra  water-white,"  which  gave  no 
difficulty  in  casting  and  turning.  A  much  harder  rosin  could  have 
been  turned  with  ease.  This  cylinder  was  turned  down  to  a  mean 
diameter  of  6.834  cm.,  the  average  departure  from  this  mean  of  17 
readings  properly  spaced  being  less  than  0.00 1  cm.  This  cylinder 
was  coated  with  copper  in  the  usual  way.  While  the  co«tt  was  very 
thin,  the  cylinder  became  slightly  indented  on  one  side,  owing  to 
its  softness,  but  not  sufficiently  to  injure  it  appreciably  for  the  pur- 
poses of  the  experiments.  The  mean  final  external  diameter  of  the 
copper  coat  was  6.912  cm.  As  the  copper  coat,  after  being  treated 
with  files  and  sand-paper,  was  not  very  uniform,  68  uniformly  spaced 
readings  of  the  diameter  were  taken.  The  average  departure  of  a 
single  measurement  from  the  mean  was  0.003  cm.  The  length  of 
the  copper  cylinder  was  33.6  cm.,  and  that  of  the  rosin  a  fraction 
of  a  mm.  less,  the  ends  of  the  rosin  being  made  somewhat  irregular 
by  fusing  them  with  a  blow-pipe  to  prevent  fine  particles  cracking 
off  and  flying  away  during  the  rotation  experiments.  The  dielectric 
constant  of  the  rosin  for  a  charging  time  of  30"  was  3.22.  The 
manner  in  which  this  constant  varied  with  the  time  of  charging,  and 
also  the  manner  in  which  the  calibration  deflection  depended  upon 
the  time  of  charging  and  the  interval  elapsing  between  the  end  of 
the  charging  and  the  opening  of  key  3  are  shown  in  the  following 
table.  The  observations  were  made  like  the  ordinary  "  calibration  " 
observations,  except  that  throws  were  taken  instead  of  steady 
deflections. 

The  experiments  on  this  rosin  cylinder  were  performed  under 
better  conditions  than  those  of  1907.  Arrangements  were  made 
for  heating  the  air  within  the  key  box  and  the  tube  connecting  it 
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Time. 

Time  of  Charging. 

Interval  between 
Charging  and 
Opening  Key  3. 

Mean  Electrometer 
Throw. 

^    2» 
12 
21 
34 
40 
48 
57 

30- 

30 

30 

5 

20 
40 
30 

20- 
40 
20 
20 
20 
20 
20 

5.21 

5.22} 

5.20 

5.13 

5.18} 

5.20} 

5.19 

with  the  electrometer  box  to  a  temperature  considerably  above  the 
room  temperature,  and  the  insulation  was  further  increased  by  in- 
serting vessels  of  CaCl,  in  the  boxes  in  addition  to  sulphuric  acid. 
The  room  was  not  heated.  Also,  a  rotary  blower,  already  men- 
tioned, was  kindly  placed  at  my  disposal  by  my  colleague  Professor 
B.  P.  Caldwell.  This  blower  was  arranged  to  send  a  strong  cur- 
rent of  air  into  the  region  surrounding  the  rotor  through  two  CaCl^ 
bottles  in  series,  one  very  large,  the  other  smaller,  and  a  thick  layer 
of  tight  cotton  wool.  This  removed  dust  very  completely,  and 
increased  the  insulation  considerably.  The  blower  was  not  kept 
going  continuously,  but  was  used  from  time  to  time.  Also,  as 
stated  above,  the  direct  current  motor  used  in  the  earlier  observa- 
tions was  replaced  by  an  alternating  current  motor,  whose  speed, 
under  the  existing  conditions,  was  much  more  nearly  constant. 
The  quartz  fiber  used  in  the  electrometer  was  stiffer  than  that  used 
in  the  earlier  work,  but  the  sensibility  was  entirely  sufficient. 


Table  VIII. 

Second  Rosin  Cylinder,    June  8,  1908. 


No.  of 
Set. 

No.  of 
Observa- 
tions 
in  Set. 

T  X  xoo  in 
Seconds. 

/in 
Amperes. 

cm.  X  a. 

did.. 

did.-  V. 
in  Volts. 

dldo-yo-rlf. 

1 

7 

1.021 

21.40 

2.4+ 

0.565 

0.0556 

0.0000265 

2 

10 

1.021 

11.42 

1.274 

.296 

292 

261 

3 

8 

1.016 

11.72 

1.36 

.319 

314 

272 

4 

8 

1.020 

20.74 

2.38 

.565 

557 

274 

5 

7 

1.772 

20.16 

1.28 

.306 

301 

265 

6 

10 

1.769 

10.96 

0.673 

.162 

159 

257 

7 

8 

1.019 

18.74 

2.03 

.490 

483 

262 

Weighted  mean  0.0000266 
Average  departure  from  mean  5 
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The  results  of  the  rotation  observations  made  on  June  8  are  given 
in  Table  VIII.,  where  the  symbols  have  the  same  meanings  as  in 
earlier  tables.  Earlier  observations,  consistent  with  these  but  made 
before  the  best  conditions  were  attained,  were  not  reduced. 

The  method  of  observation  was  nearly  identical  with  that  used  in 
the  case  of  the  first  sulphur  cylinder.  The  time  elapsing  between 
the  opening  of  key  3  and  the  reading  of  the  electrometer  was 
shorter,  owing  to  the  quicker  fiber  and  needle  used. 

Six  determinations  of  the  "calibration'*  deflection  were  made 
during  the  day.  The  average  departure  of  a  single  determination 
from  the  value  given  by  the  curve  was  about  2  parts  in  425. 

From  the  data  contained  in  Table  VIII.  and  in  what  precedes, 
U  \s  0.000016 1 8  volt  +  0.00000075  volt  =  0.0000169  volt;  the 
mean  value  oi  djd^'  V^-  r//—  if  is  0.0000097  volt;  and  the  value 
of  9^  (AT—  i)/Kis  0.00001480  X  2.22/3.22  volt  =  0.0000102  volt. 
Thus  the  discrepancy  between  the  last  two  quantities,  or  the  dis- 
crepancy between  the  experimental  results  and  those  called  for  by 
Lorentz's  theory,  is  5  parts  in  102,  or  about  5  per  cent.,  with  an 
average  departure  from  the  mean  of  a  trifle  over  5  per  cent;  while 
the  discrepancy  between  the  experimental  results  and  those  to  be  ex- 
pected on  the  alternative  theory  is  51  parts  in  148,  over  34  per  cent. 
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The  experimental  values  of  dld^  •  V^  and  //r  are  plotted  in  Fig. 
17,  the  full  straight  line  being  drawn  for  the  weighted  mean.     The 
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relation  between  the  quantities  is  linear,  as  required  by  all  theories. 
The  dotted  straight  line  shows  the  relation  between  U  and  //r. 

Later  Experiments  with  Ebonite. 

Rotor  I  had  been  slightly  injured  in  preparing  the  first  sulphur 
cylinder.  It  was  therefore  turned  down  slightly  and  electroplated 
with  copper.  The  bearings  were  then  turned  down  to  the  same 
diameter  as  before,  and  the  central  cylinder  was  turned  to  the  diam- 
eter 5. 106  cm.,  the  mean  of  six  readings  about  equally  spaced  along 
its  length,  the  average  departure  from  the  mean  being  0.00 1  cm.  The 
ebonite  cylinders  used  in  the  previous  experiments  were  thoroughly 
cleaned,  then  heated  considerably  above  the  room  temperature  and 
forced  onto  the  rotor  hot,  with  thin  layers  of  paraffin  between  them. 
The  surface  was  then  treated,  in  the  lathe,  with  files  and  sand -paper 
until  its  mean  diameter  was  6.608  cm.  The  surface  was  not  very 
true,  the  average  departure  from  the  mean  of  3  2  properly  spaced 
readings,  in  two  planes,  being  0.004  cm.  The  cylinder  was  then 
coated  with  copper  by  the  process  already  described.  The  mean 
diameter  of  the  copper  coat,  from  32  properly  spaced  measurements^  ' 
was  6.71 1  cm.,  the  average  departure  of  a  single  measurement  from 
the  mean  being  0.003  cm.  It  was  found,  however,  that  the  cylin- 
der failed  to  insulate,  copper  sulphate  having  penetrated  some  of  the 
spaces  between  the  separate  ebonite  cylinders.  A  similar  failure  of 
insulation  resulted  when  V-shaped  grooves,  a  few  mm.  deep,  were 
cut  into  the  junctions  and  filled  carefully  with  hard  shell-lac  before 
electroplating.  Finally,  the  grooves  were  cut  out,  rings  of  ebonite 
about  2. 5  mm.  thick  being  removed  from  the  two  cylinders  at  each 
junction,  and  the  spaces  were  carefully  filled  with  sealing  wax.  The 
surface  was  covered  with  a  thin  coat  of  Venice  turpentine  to  make 
the  carbon  adhere  better,  and  then  electroplated  as  before.  At 
first  this  cylinder  insulated  excellently,  but  later  the  insulation  broke 
down.  Two  of  the  ceiling-wax  rings  were  then  cut  out,  and  excel- 
lent insulation  was  found  to  be  restored.  Thin  strips  of  metal  were 
then  soldered  across  the  gaps  to  unite  the  different  parts  of  the 
copper  coat  electrically.  The  total  length  of  the  ebonite  and  sealing- 
wax  was  now  32.5  cm.,  while  the  length  of  the  central  cylinder  of 
the  rotor  was  33.6  cm.  as  before. 
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The  capacity  of  the  cylinder  was  determined  as  297  E.S.  units  for 
30"  as  the  time  of  charging.  Thb  gives  as  dielectric  constant  the 
enormous  value  4.71,  a  straight-line  field  and  a  homogeneous  dielec- 
tric being  assumed  as  in  the  cases  of  the  more  nearly  perfect  cylin- 
ders. The  capacity  as  determined  was  so  great  as  to  arouse  strong 
suspicion  that  copper  sulphate  had  penetrated  between  some  of  the 
ebonite  cylinders  from  one  of  the  armatures  to  within  a  small  dis- 
tance of  the  other.  Hence,  after  the  completion  of  the  experiments 
described  below,  the  remaining  sealing-wax  rings  were  cut  out  and 
the  capacity  was  again  determined,  on  two  occasions.  It  had 
changed  but  slightly.  As  a  further  check,  the  capacity  of  the  Leeds 
&  Northrup  condenser  was  again  compared  with  that  of  the  Elliott 
condenser,  and  was  found  to  have  remained  unchanged.  In  the 
earlier  experiments  the  dielectric  constant  of  the  same  ebonite  had 
been  found  to  be  3.90.  In  these  experiments  the  ebonite  cylinders 
were  on  a  rotor  of  diameter  5.044  cm.,  with  little  strain  ;  while  in 
the  later  experiments  they  were  highly  heated  and  shrunk  onto  a 
rotor  of  diameter  5.106  cm.,  so  that  they  were  under  considerable 
strain  when  at  normal  temperature.  They  had,  moreover,  been 
heated  several  times  in  the  interim. 

Table  IX. 

Ebonite  Cylinder,    June  12,  1908. 


No.  of 
Set. 

No.  of 
Observa- 
tions 
in  Set. 

T  X  loo  in 
Seconds. 

/in 
Amperes. 

d  in  cm. 
Xa. 

dld^. 

d\d^'V^ 
Volts. 

//T. 

dldo-yo-rll 

1 

6 

1.041 

21.44 

2.33 

0.560 

0.0551 

2059 

0.0000268 

2 

6 

1.036 

11.72 

1.20 

.290 

285 

1131 

252 

3 

6 

1.785 

20.74 

1.25 

.310 

305 

1162 

263 

4 

6 

1.784 

11.10 

0.66 

.165 

163 

622 

262 

5 

6 

1.786 

19.48 

1.21 

.305 

300 

1091 

275 

6 

7 

1.048 

10.88 

1.12 

.284 

279'  1038 

269 

Weighted  mean  0.00002654 
Average  departure  from  mean  0.0000006 


The  results  of  the  rotation  experiments,  which  were  conducted 
very  nearly  like  those  upon  the  second  rosin  cylinder,  with  more 
use  of  the  blower,  are  given  in  Table  IX.  During  the  observation 
day  4  sets  of  "  calibration  "  deflections  were  obtained.    The  last  set,  as 
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well  as  the  shortly  preceding  and  last  set  of  rotation  experiments, 
was  rejected  for  the  reason  that  the  insulation  was  becoming  poor. 
The  average  departure  of  the  deflections  obtained  from  one  of  the 
calibration  sets  from  the  value  given  by  the  curve  was  about  i  part 
in  400. 

The  value  of  W^  calculated  on  the  assumption  that  the  mean 
induction  B  was  88.6$,  as  in  the  case  of  cylinders  equal  in  length 
to  the  rotor,  was  0.00001225  volt,  and  the  value  of  ?r(Ar— i^ATwas 
0.00000965  volt.  The  value  of  U,  calculated  from  the  value  of  U 
for  rotors  i  and  2,  the  difference  between  their  radius  and  that  of 
the  rotor  carrying  the  ebonite,  and  the  mean  induction  B  used  above, 
together  with  the  cross-section  of  the  copper  coat  F,  was  0.0000 1757 
volt.     The  errors  here  introduced  by  the  small  departures  from  theo- 


Fig.  18. 


ISOO 


retical  conditions  are  negligible  in  comparison  with  those  introduced  in 
the  rotation  experiments.  The  weighted  mean  value  of  djd^  •  V^  •  r// 
was  0.00002654  volt.  The  difference  between  this  quantity  and  U 
is  0.00000897  volt,  which  should  equal  0.00000965  volt,  the  value 
of  W{K—  i)lK,  on  Lorentz's  theory.  The  discrepancy  is  7  per  cent., 
with  an  average  departure  from  the  mean  of  the  same  magnitude. 
The  discrepancy  between  the  experimental  results  and  those  to  be 
expected  on  the  ether  motion  theory  is  33  parts  in  123,  or  27 
per  cent. 
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The  experimental  results  for  dld^  •  V^  and  Ilr  are  plotted  in  Fig. 
1 8.  The  full  straight  line  is  drawn  for  the  weighted  mean.  The 
relation  is  linear,  as  with  the  other  insulators.  The  dotted  line 
gives  the  relation  between  U  and  //r. 

The  observations  do  not  show  the  curious  **  centrifugal "  effect 
described  in  connection  with  the  first  experiments  on  ebonite.  In 
the  later  experiments  the  temperature  of  the  ebonite  was  that  of 
the  tap- water,  about  28®  C. 

Wilson's  Experiments. 

The  theory  of  Wilson's  experiments,  already  referred  to,  can  be 
developed  without  difficulty  from  equation  (15)  above. 

Suppose  the  induction  tube  ^  to  be  removed,  the  rod  JJ  to  he 
connected  to  the  insulated  quadrants  of  the  electrometer,  as  well 
as  to  the  insulated  armature  of  a  standard  condenser,  and  the  wire 
N  to  be  in  permanent  sliding  contact  with  the  metal  tube  F. 

Let  S^^  denote  the  capacity  of  the  tubes  of  displacement  stretch- 
ing between  the  conductor  Fand  the  earthed  conductors,  the  rotor 
being  excepted ;  and  S^  the  capacity  of  the  tubes  stretching  be- 
tween that  part  of  the  insulated  system  which  is  always  at  rest^ 
viz.,  the  wire  N,  the  rod  JJ^  etc.,  and  the  earth.  Let  V^  denote 
the  potential  of  the  insulated  electrometer  quadrants,  which  is 
equal  to  that  of  the  wire  N  and  the  part  of  the  tube  F  in  contact 
therewith,  when  the  rotor  is  in  motion  in  the  magnetic  field.  Then, 
in  place  of  equation  (15),  we  have 

If  we  write  V^  —  V^  F^^,  and  eliminate  V,  this  equation  and  (17) 
give 

^    -  5//  ^  51V  ^  5V  •  (27) 

The  electrometer  gives  a  deflection  d  proportional  to  V^,  by  a  con- 
stant B,     Thus 

F^  =  Bd  (28) 

If  now  the  insulated  system,  a//  at  rest,  is  given  the  charge  y^,  it 
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will  come  to  such  a  potential  J^,  and  the  electrometer  will  give 
such  a  deflection  d^^  that 

K  =  Bd,  =  ^„  ^  l\^  ^  ^ .  (29) 

From  equations  (27),  (28),  and  (29),  we  obtain 

or 

?o^=  [(^~  i)y"r  +  5"(c7+  v^  +  5^  r^]  ^,   (30) 

which  is  the  complete  approximate  formula  for  Wilson's  experiments 
according  to  the  theory  of  Lorentz.  On  the  ether  motion  theory, 
K—\  must  be  replaced  by  K^  the  formulas  derived  from  (26)  by 
writing  AT  for  AT—  i  and  omitting  5(F'—  U),  being 

^,^=  lKs:\w  +  C7+  F^)  +  5'^F'^]-^.  (31) 

In  these  experiments  a  contact  piece,  corresponding  to  the  wire 
iV,  touched  the  metal  coat  of  the  rotating  cylinder  at  its  center. 
The  rotor  was  covered  with  a  thin  insulating  tube,  and  this  was 
covered  with  a  tube  of  brass.  This  tube  was  earthed  near  one  end 
of  the  insulating  cylinder  under  experiment,  which  it  carried.  This 
construction  doubtless  offered  but  little  difficulty  in  the  case  of  the 
small  ebonite  cylinder  which  alone  was  investigated  by  Wilson; 
but  in  such  experiments  as  those  described  in  this  paper  it  would 
have  introduced  considerable  difficulties.  This  construction  gives 
a  small  value  of  U\  but  in  reducing  U  there  is  no  advantage,  as 
this  quantity  is  easily  determined  with  great  precision. 

The  theory  of  his  experiment,  as  given  by  Wilson  with  the  assis- 
tance of  Professor  Larmor,  is  partially  incorrect.  Equation  (30) 
may  be  written 

q,^  J~  S'\U+  V'')  -  5^^F^^  =  ^^  KS'^W.      (32) 

Instead  of  the  capacity  KS^''  in  the  second  member  of  this  equa- 
tion, Wilson  has  S''.    His  other  terms  correspond  to  those  given  in 
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the  equation,  although  they  are  obtained  in  a  very  different  way. 
Wilson's  value  of  the  first  member  of  the  equation  is  12.74  x  lO"'^ 
E.S.  unit,  while  his  value  of  the  second  member,  with  S"  incorrectly 
in  place  o{  KS'"  is  12.58  x  lO"'  E.S.  unit,  the  discrepancy  being 
about  1.3  per  cent.  In  Wilson's  work  the  value  of  S"  was  25.4 
E.S.  units  and  that  of  KS"'  was  24.3  E.S.  units.  If  we  correct 
the  second  member  of  (32),  writing  as  above  KS'"  instead  of  5", 
its  value  becomes  12.04  X  lO""'  E.S.  unit,  which  is  nearly  6  per  cent, 
less  than  the  experimental  value  of  the  first  member,  viz.,  12.74 
E.S.  units.  On  the  ether  motion  theory,  the  second  member  must 
be  replaced  by  KS'^'  W,  which  is  16.74  X  lO"^  E.S.  unit.  The  dis- 
crepancy between  Wilson's  results  and  this  theory  is  thus  4  parts 
in  16.7,  or  about  24  per  cent. 

Some  time  ago  attention  was  called  ^  by  me  to  another  error  in 
Wilson's  theory,  which,  however,  did  not  affect  his  experimental 
work  or  calculations,  but  only  the  interpretation  of  his  results. 
The  electromotive  force  W  does  not  differ  on  the  theory  of  Lorentz 
from  its  value  on  the  ether  motion  theory,  nor  on  either  theory 
does  it  differ  in  conductors  and  insulators. 

In  the  abstracts,  already  published,  of  a  portion  of  this  paper  it 
was  stated  that  in  the  third  term  of  the  second  member  of  (30)  Wil- 
son had  S^^  +  S^^  and  that  neither  of  these  quantities  had  been 
separately  determined,  which  made  it  impossible  to  say  what  was 
the  discrepancy  between  his  results  and  those  called  for  by  the 
theory  of  Lorentz.  This  statement  I  deeply  regret,  as  it  is  not 
correct.  It  was  due  to  a  curious  and  inexcusable  misunderstanding 
of  a  line  in  Wilson's  paper  (1.  19,  p.  135,  1.  c). 

A  serious  defect  of  Wilson's  method  lies  in  the  insulated  sliding 
contact  with  the  inevitable  abrasion  and  convection  of  charged  parti- 
cles from  the  brush  and  the  coat  of  the  rotating  insulator.  This 
defect  can  be  eliminated  by  surrounding  the  rotating  cylinder  and 
brush  with  a  second  cylinder  electrically  connected  with  the  brush 

'  Roy.  Soc.  Proceedings,  1905.  This  note  was  sent  to  the  Royal  Society  by  Lord 
Rayleigh  at  my  request  that  this  be  done  if  he  agreed  with  me  that  the  note  should  be 
published  in  the  Proceedings  ;  but  the  technical  communication  was  made  by  Professor 
Larmor,  who  wished  to  add  a  note  in  reply.  To  one  who  has  read  the  two  notes  and 
the  early  part  of  the  theoretical  work  in  this  paper,  I  do  not  think  any  further  statement 
is  necessary  to  justify  my  position. 
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and  electrometer.  The  second  cylinder  should  be  longer  than  the 
first,  as  in  the  method  described  in  this  paper.  In  this  case  the 
modification  would  also  eliminate  any  error  due  to  friction  between 
the  initial  coat  of  the  insulating  cylinder  and  dust  in  the  air  around 
it.  For  the  algebraic  sum  of  the  charges  developed  at  the  contact 
or  by  friction  with  the  dust  is  zero,  and  they  would  all  be  developed 
and  retained  within  practically  a  closed  hollow  conductor.  The 
same  modification  would  also  eliminate  the  term  S^^'V^  from  the 
formula. 

Conclusion. 

The  apparatus  used  in  the  investigation  described  in  this  paper 
could  be  modified  in  a  few  hours  to  operate  by  the  method  just 
suggested,  and  some  experiments  will  possibly  be  made  in  this  way 
next  fall.  In  the  fall  I  hope  also  to  investigate  a  few  cylinders  by 
the  method  already  used  under  still  better  conditions.  The  irregu- 
larities left  in  the  case  of  the  last  experiments  on  rosin  and  ebonite 
are  probably  due  in  some  way  to  imperfection  of  insulation,  that  of 
the  insulating  cylinder  especially ;  and  the  insulation  can  be  still 
further  improved  by  making  the  apparatus  much  more  nearly  air 
tight  The  insulation  of  a  cylinder,  after  remaining  in  the  bobbin 
all  night  with  tap- water  flowing  through  the  jacket,  may  appear  most 
excellent  when  tested  with  an  electroscope  after  charging  to  a  high 
voltage ;  and  yet,  unless  great  irregularities  are  to  result,  it  must  be 
much  improved  when  the  low  voltage  calibration  and  rotation  ex- 
periments are  to  be  performed.  The  trouble  is  not  due  principally 
to  leakage  of  the  low  voltage  charges  normally  produced  in  the 
course  of  the  experiments,  but  to  the  charging  up  of  the  insulated 
conductors  owing  to  the  voltaic  electromotive  forces  between  them 
and  the  earthed  conductors,  which  are  many  times  greater  than  the 
normally  developed  electromotive  forces  to  be  measured.  These 
effects  are  greatly  reduced  by  improving  the  insulation,  and  are 
largely  eliminated  by  the  methods  of  observation  used.  Their  prac- 
tically complete  elimination  can  doubtless  be  effected  by  the  method 
suggested. 

The  curious  electromotive  force  developed  by  the  mere  rotation 
of  certain  insulators  I  hope  also  to  investigate  further. 

Nearly  all  of  the  apparatus  built  especially  for  this  investigation 
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was  constructed  with  great  skill  and  patience  by  Mr.  Tudor  T.  Hall» 
mechanician  in  this  laboratory.  To  him  I  am  also  indebted  for 
much  other  mechanical  assistance,  as  well  as  for  help  in  designing 
apparatus.  A  part  of  the  instrumental  work  was  skillfully  done  by 
the  mechanicians,  Messrs.  Lange,  Volz  and  Mann,  of  the  laboratory 
of  the  National  Bureau  of  Standards  in  Washington.  In  this  lab- 
oratory, through  the  courtesy  of  Professor  S.  W.  Stratton,  Director 
of  the  Bureau,  the  apparatus  was  first  set  up,  owing  to  the  fact  that 
power  and  other  necessities  were  not  available  in  my  own  laboratory 
in  the  summer  of  1906.  Although  a  severe  illness  of  my  assistant 
compelled  me  to  desist  from  experimental  work  in  Washington  be- 
fore I  had  fairly  begun,  I  am  much  indebted  for  many  kindnesses 
to  Professor  Stratton  and  his  associates,  who  placed  their  splendid 
facilities  freely  at  my  disposal.  The  work  has  been  completed  with 
great  difficulty,  owing  to  exceptionally  heavy  pedagogical  duties 
and  other  circumstances  not  necessary  to  mention  here.  Through- 
out the  experimental  work  I  have  been  assisted  in  the  most  faithful 
and  efficient  manner  by  Mrs.  Bamett,  to  whom  I  am  under  further 
obligations  for  assistance  in  computing  and  for  important  sug- 
gestions. 

Physical  Laboratory, 

TuLANE  University  of  Louisiana, 
New  Orleans,  July  24,  1908. 
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THE  IONIZATION  OF  GASES    AT    HIGH   PRESSURES.^ 
By  Henry  A.  Erikson. 

THE  ionization  produced  in  gases  by  the  different  ionizing  rays 
has  not  heretofore  been  studied  for  pressures  much  greater 
than  one  atmosphere.*  It  is  of  considerable  interest,  however,  to 
know  how  the  ionization  and  the  rate  of  recombination  of  the  ions 
change  as  the  density  of  the  gas  becomes  condderable  and  ap- 
proaches that  of  the  liquid  state. 

In  the  experiments  to  be  described  the  ionization  produced  by 
the  gamma  {y)  rays  of  radium  was  studied  for  pressures  up  to  400 
atmospheres  in  the  case  of  air,  and  up  to  the  liquefying  point  in 
the  case  of  carbon  dioxid. 

The  results  obtained  will  be  presented,  after  a  description  of  the 
apparatus,  under  the  following  subdivisions  : 

Results  for  air : 

1.  Ionization  current  at  different  pressures  and  potentials. 

2.  The  time  required  for  the  rays  to  produce  the  steady  state. 

3.  The  lingering  of  the  ions. 

4.  The  time  required  to  collect  the  ions. 

5.  The  ionization  current  at  different  temperatures. 
Results  for  carbon  dioxid  : 

1.  The  lingering  of  the  ions. 

2.  Ionization  current  at  different  pressures  and  potentials. 

3.  The  natural  conductivity  of  CO,  at  different  pressures  and 
temperatures. 

^  Pkper  presented  at  the  Chicago  meeting  of  the  Physical  Society,  January  I,  1908. 
.»IcClung,  Phil.  Mag.,  p.  283,  Vol.  3,  1902. 

473 


Digitized  by 


Google 


474  HENRY  A,   ERIKSON,  [Vou  XXVII. 

4.  The  ionization  current  at  different  temperatures. 
Summary  and  conclusions. 

Apparatus. 
A  diagram  of  the  apparatus  used  in  the  experiments  is  given  in 
Fig.  I. 


Rg.  1. 

A  is  an  iron  cylinder  84  centimeters  in  length  and  20.3  centime- 
ters in  diameter.  Along  the  axis  of  the  cylinder  is  a  hole  S  5.1 
centimeters  in  diameter,  closed  at  each  end  by  means  of  the  two 
steel  plugs  -Afand  A^  which  have  two  threads  to  the  centimeter  and 
are  made  tight  by  means  of  lead  packing. 

The  upper  end  of  the  hole  5  is  lined  with  brass  and  serves  as 
the  ionization  chamber,  the  inside  dimensions  of  which  are  16.7 
centimeters  in  length  and  4.9  centimeters  in  diameter.     The  elec- 
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trodes  are  made  of  brass  gauze  0.04  centimeter  in  thickness  and 
are  concentric  cylinders  separated  on  the  average  by  0.8  centimeter. 
The  inner  cylinder  and  the  lining  of  the  chamber  form  one  elec- 
trode and  are  connected  to  the  iron  cylinder  A^  while  the  other 
cylinder  and  the  central  wire  form  the  other  electrode  T^  and  are 
insulated  from  A,  The  insulated  electrode  T  is  supported  by  a 
brass  rod  passing  through  a  hard  rubber  plug  provided  with  a  guard 
ring  D.  This  brass  rod  has  a  shoulder  near  the  inner  end  and  is 
threaded  at  the  outer  end,  the  nut  on  which  serves  to  tighten  the 
entire  plug,  the  gas  pressure  alone  on  the  inside  not  being  sufficient 
to  prevent  leakage. 

A  brass  thimble  0.22  centimeter  in  thickness  projects  into  the 
ionization  chamber  at  B.  This  thimble  is  set  in  lead  packing  and 
is  held  in  place  by  the  hollow,  threaded,  steel  plug  R  to  which  is 
attached  axially  a  slotted  metal  tube  one  meter  irvlength. 

A  metal  tube  containing  the  radium  salt  can  be  placed  inside  the 
thimble  and  the  penetrating  gamma  rays  allowed  to  ionize  the  gas 
in  the  ionization  chamber.  The  tube  of  radium  may  be  quickly 
withdrawn  by  releasing  a  stretched  spiral  spring  attached  to  it. 

The  insulated  electrode  T  is  connected  to  two  McLennan  keys 
-ffand  -Fand  then  to  the  leaf  of  a  Wilson  form  of  gold-leaf  electro- 
scope G,  Cis  a  condenser  of  o.ooi  microfarad  capacity  and  is 
used  to  increase  the  capacity  of  the  electrode  system,  the  purpose 
being  to  decrease  the  rate  of  motion  of  the  leaf  of  the  electroscope. 

^yhen  the  iron  cylinder  is  given  a  potential  different  from  that  of 
the  earth,  a  current  begins  to  flow  between  the  electrodes  because 
of  the  ions  produced  in  the  gas  by  the  gamma  rays.  If  now  the 
electrode  T  is  insulated  from  the  earth  by  opening  the  key  /%  the 
leaf  of  the  electroscope  begins  to  move  and  the  time  /  required  for 
its  image  to  pass  a  given  number  of  divisions  on  the  scale  in  the 
eyepiece  of  the  microscope  can  be  determined.  Knowing  the 
capacity  O  of  the  electrodes  and  the  potential  V  necessary  to 
deflect  the  leaf  the  given  number  of  divisions,  the  absolute  value  of 
the  current  may  be  determined  from  the  relation 
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In  order  to  determine  the  number  of  ions  present  in  the  gas  at  any 
instant  it  is  necessary  to  make  a  number  of  connections  consecu- 
tively. This  is  accomplished  by  means  of  the  pendulum  P.  The 
arrangement  is  such  that  as  the  pendulum  reaches  H  it  shuts  off 
the  rays  by  releasing  the  spring  which  withdraws  the  radium  from 
the  cylinder,  at  /  it  opens  the  key  -£",  at  /  it  connects  the  cylinder 
to  the  battery  Q,  at  K  it  disconnects  the  battery  and  connects  the 
cylinder  to  earth,  at  L  it  insulates  the  leaf  of  the  electroscope,  at 
M  it  connects  the  electrode  to  the  electroscope  and  at  N  it  opens 
again  the  key  E. 

The  electroscope  was  found  much  more  convenient  than  the 
quadrant  electrometer  in  this  investigation,  as  the  inappreciable 
inertia  of  the  leaf  permits   an    observation   to  be   repeated   very 


^ 


«9 


Fig.  2. 


Sensibility  Cunre  for  the  Electroscope. 


quickly  and  easily.  Fig.  2  gives  the  calibration  curve  for  the 
electroscope  and  shows  the  range  used  in  the  current  reading^. 
The  same  sensibility  was  used  throughout  the  entire  investigation, 
the  sensibility  selected  being  determined  by  the  strength  of  the  currents 
involved  and  the  magnitude  of  the  charge  present  in  the  gas  at 
any  instant. 

The  potential  on  the  plate  of  the  electroscope  was  obtained  from 
a  battery  of  fifty  large  lead  chloride  cells.  The  potentials  of  the 
cylinder  up  to  one  thousand  volts  were  obtained  from  a  high  poten- 
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tial  storage  battery,  and  potentials  higher  than  one  thousand  volts 
were  obtained  by  means  of  a  small  static  machine  in  conjunction 
with  a  large  battery  of  Leyden  jars. 

The  radioactive  substance  used  was  about  0.6  gram  of  a  salt 
containing  i  per  cent,  of  radium  bromide. 

Results  for  Air. 
In  the  case  of  air,  pressures  up  to  two  hundred  atmospheres  were 
obtained  by  means  of  a  Whitehead  compressor  belonging  to  a  liquid 
air  plant  and  pressures  higher  than  two  hundred  atmospheres  were 
obtained  by  means  of  a  Cailletet  hand  compressor,  the  liquid  used 
in  it  being  paraffin-oil.  The  air  used  was  purified  by  passing 
through  lime  before  entering  the  compressor  and  then  after  being 
compressed  it  was  passed  through  a  cylinder  containing  caustic 
potash.  In  a  part  of  the  work  the  air  was  also  passed  through  a 
quantity  of  cotton  just  before  entering  the  ionization  chamber  in 
order  to  remove  any  dust  that  might  be  present. 

Table  I. 

lonitatUn  Current  at  Different  Potentials  and  Pressures, 
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The  Ionization  Current  at  Different  Pressures  and  Potentials, 
I.  The  relation  between  the  current  and  the  voltage  was  obtained 
for  a  large  number  of  pressures.  The  various  voltages  were  ap- 
plied to  the  cylinder  and  thus  to  the  electrode  connected  to  it,  and 
the  time  in  seconds  was  taken  which  was  required  for  the  leaf  of 
the  electroscope  to  move  a  number  of  divisions  equal  to  the  range 
shown  in  Fig.  2.  The  current  in  any  case  is  proportional  to  the 
reciprocal  of  this  time. 

To  illustrate  the  nature  of  the  readings  a  few  results  are  given  in 
Table  I. 

The  results  are  shown  graphically  in  Fig.  3,  where  the  abscissas 
represent  the  voltage  and  the  ordinates  the  reciprocal  of  the  time. 
The  pressure  corresponding  to  each  curve  is  given  at  the  right. 


Volts 

Fig^.  3.     Ionization  Curves  at  Different  Pressures. 

It  is  noticed  that  the  curves  for  the  higher  pressures  take  the 
general  form  of  the  saturation  curve  at  the  pressure  of  one  atmos- 
phere, only  that  after  the  first  rapid  increase  of  the  current,  they 
still  rise  considerably  with  increase  of  voltage.  In  comparing  with 
the  curve  for  one  atmosphere,  it  is  seen  that  at  the  higher  pressures 
the  currents  are  considerably  larger  though  not  proportional  to  the 
pressure  since  at  20  atmospheres  the  current  for  1,000  volts  is  only 
about  1 5  times  that  at  one  atmosphere.  By  doubling  the  pressure 
to  40  atmospheres  the  current  increases  but  30  per  cent.,  and  at 
140  atmospheres  with  a  pressure  seven  times  that  at  20  atmospheres 
the  current  is  but  1.8  times  as  large.     Finally,  at  400  atmospheres 
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the  current  is  less  than  that  at  140  and  not  much  above  that  at  40. 
With  a  low  voltage  the  current  at  400  atmospheres  is  seen  to  be 
even  smaller  than  that  at  20. 

Some  results  which  show  the  relation  of  the  currents  at  different 
pressures  when  small  voltages  are  applied  to  the  electrodes  are  rep- 
resented by  the  curves  in  Fig.  4.  These  results  were  obtained  with 
a  different  sensibility.     As  the  pressure  increases  the  initial  slop 


Fig.  4.     Initial  Slope  of  the  Ionization  Curves. 

of  the  curves  diminishes.     They  soon  rise  however  and  up  to  140 
atmospheres  intersect  all  of  the  curves  for  lower  pressures. 

Inasmuch  as  the  current  through  the  gas  does  not  increase  regularly 
with  the  density  of  the  gas,  it  is  of  interest  to  plot  results  showing 
how  the  current  varies  with  the  pressure  of  the  gas  when  the  differ- 
ence of  potential  between  the  electrodes  is  maintained  at  a  constant 
value.  Table  II.  gives  some  results  of  this  kind  which  were 
obtained  for  a  number  of  potentials  ranging  from  8.3  to  2,500 
volts.  The  initial  pressure  in  each  case  was  400  atmospheres  and 
readings  were  taken  as  the  pressure  was  reduced  by  steps.  The 
results  given  for  the  time  in  Table  II.  represent  the  average  of  from 
three  to  eight  separate  readings  obtained  in  seconds  by  means  of  a 
stop  watch.  The  potential  of  the  plate  of  the  electroscope  was  ad- 
justed so  that  the  gold  le'af  was  at  zero.  The  watch  was  started  # 
the  instant  the  key  F  was  opened  and  when  the  leaf  came  to  the 


Digitized  by 


Google 


48o 


HENRY  A.  ERIKSON. 


[Vol.  XXVII. 


end  of  the  range  used  the  watch  was  stopped.     The  following  is  a 
characteristic  set  and  was  obtained  for  P^  240  and  V^  i>050 : 
9.6,     9.7,     9.6,     9.4. 

Table  II. 

Change  of  the  lonuation  Current  with  the  Pressure  of  the  Air. 
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The  current  is  proportional  to  the  reciprocal  of  this  time.  When- 
ever a  redetermination  was  made  the  results  checked  to  well  within 
2  per  cent,  even  though  the  cylinder  had,  in  the  meantime,  been 
emptied  of  air  and  then  again  refilled.  Likewise  a  similar  agree- 
ment was  found  to  exist  when  the  current-voltage  curves  (/.  ^., 
curves  like  those  shown  in  Fig.  3)  were  obtained  for  any  pressure. 
The  results  given  in  Table  II.  are  shown  graphically  in  Fig.  5. 


Fig.  5.     Currrent-Pressure  Curves  at  Different  Potentials. 

As  the  density  of  the  gas  is  increased  there  is  at  first,  as  was  seen 
before,  a  marked  increase  in  the  current  obtained.  The  current, 
however,  reaches  a  maximum  value  and  begins  to  decrease  at  a 
pressure  depending  upon  and  increasing  with  the  potential  between 
the  electrodes.  For  1,050  volts  the  maximum  is  at  about  150  at- 
mospheres. 

With  the  higher  potentials,  for  all  pressures  somewhat  higher 
than  those  giving  the  maximum  current,  the  curves  are  straight 
lines ;  that  is,  the  current  is  an  inverse  linear  function  of  the  density. 
This  decrease  in  the  current  when  the  pressure  of  the  gas  is  in- 
creased can  hardly  be  attributed  to  a  decrease  in  the  number  of  ions 
produced  by  the  rays  but  rather,  in  the  case  of  a  small  difference  of 
potential  between  the  electrodes,  to  a  decrease  with  pressure  of  the 
velocity  of  the  ions  thus  permitting  a  greater  loss  by  recombina- 
tion.    This  loss  more  than  offsets  the  increase  in  the  current  due  to 
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decrease  with  pressure  of  the  rate  of  recombination,  a  fact  to  be 
brought  out  later  in  this  paper. 

In  the  case  of  the  higher  potentials  the  decrease  of  the  current  is 
undoubtedly  due,  in  a  large  measure  at  least,  to  an  initial  recombi- 
nation ;  that  is,  the  return  of  a  newly  formed  electron  to  its  parent 
atom,  the  existence  of  which  was  suggested  by  Rutherford  ^  and  by 
Bragg  and  Kleeman.*  Since  the  current  decreases  when  the  density 
of  the  gas  is  increased  the  nearness  of  the  molecules  must  play  an 
important  part  in  this  initial  recombination,  and  it  is  quite  probable  that 
the  currents  shown  in  Fig.  5  for  the  potentials  1,050  and  2,500  in- 
clude all  of  the  free  ions  (1.  e.,  ions  which  have  been  projected 
beyond  the  influence  of  their  former  associate)  produced  by  the 
rays  and  that  the  difference  between  the  two  curves  is  due  mainly 
to  those  ions  which  without  the  aid  of  the  field,  due  to  the  poten- 
tial between  the  electrodes,  would  not  become  separated. 

The  Time  Required  for  the  Rays  to  Produce  a  Steady  State. 
2.  -When  the  rays  begin  to  act  upon  a  gas  under  a  high  pressure 
it  takes  an  appreciable  time  before  the  number  of  ions  in  the  gas 


Fig.  6.     Time  Required  for  the  Rays  to  Produce  Saturation. 

reaches  a  steady  value,  the  rate  of  production  being  greater  than 
the  rate  of  recombination  until  the  steady  state  is  attained.  The 
greater  the  pressure  the  longer  is  the  time  required. 

Results  illustrating  this,  for  pressures  of  200  and  400  atmospheres, 
are  given  in  Fig.  6  where  the  ordinates  are  proportional  to  the 
number  of  ions  collected  after   the  rays  have  acted  upon  the  gas  an 

*  Radioactivity,  p.  33. 

«  Phil.  Mag.,  Vol.  II.,  p.  466,  1906. 
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interval  represented  in  seconds  by  the  abscissas,  the  difference  of 
potential  used  being  1,000  volts. 

It  will  be  seen  that  at  200  atmospheres  it  takes  about  eight  sec- 
onds before  the  ions  in  the  gas  reach  a  maximum  number,  whereas 
at  400  atmospheres  it  requires  about  fourteen  seconds. 

The  Lingering  of  the  Ions, 
3.  As  the  density  of  the  gas  increases  the  readiness  with  which 
the  free  ions  recombine  diminishes  to  a  marked  extent,  so  that  some 
of  the  ions  linger  for  some  time  before  they  recombine.    The  results 
of  some  experiments  on  this  point  are  shown  in  Fig.  7. 


Fig.  7.     Lingering  of  the  Ions  after  the  Rays  Ceased  to  Act. 

The  gas  was  exposed  to  the  rays  for  a  length  of  time  sufficient 
to  produce  the  maximum  number  of  ions.  The  rays  were  then  dis- 
continued and  after  a  measured  interval  of  time,  a  potential  of  1,000 
volts  was  applied  to  the  electrodes  and  the  deflection  of  the  leaf 
due  to  the  charge  acquired  by  the  electrodes  was  measured.  The 
deflection  in  this  case  is  proportional  to  the  charge  and  is  repre- 
sented by  the  ordinates  in  Fig.  7,  the  time  interval  being  represented 
in  seconds  by  the  abscissas.  The  pressures  used  were  200  and  400 
atmospheres  as  indicated  on  the  curves.  It  will  be  seen  that  at  200 
atmospheres  an  appreciable  number  of  ions  were  still  uncombined 
sixty  seconds  after  the  rays  had  been  discontinued  and  that  at 
400  atmospheres  there  were  still  uncombined  ions  at  the  end  of 
1 20  seconds. 
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The  lingering  of  the  ions  is  further  illustrated  together  with  their 
slowness  of  motion  in  an  electrical  field,  by  the  results  represented 
in  Fig.  8,  where  the  ordinates  are  proportional  to  the  number  of 
ions  obtained  at  195  atmospheres  with  a  potential  of  1,090  volts, 
after  the  rays  had  ceased  to  act  upon  the  gas  for  a  time  represented 

in  seconds  by  the  abscissas,  the 
electrodes  during  this  whole  in- 
terval having  the  diflference  of 
potential  given  at  the  end  of  the 
,  curves.     Thus  even  with  a  con- 

stant difference  of  potential  of 
•2  41.5  volts  acting,  there  are  still 

^  an  appreciable  number  of  ions 

^  present  three  seconds  after  the 

^  rays  ceased  to  act. 

The  Time  Required  to  Collect  the 
Ions, 

«     «    .,   .    ^\^?  ^  ^rr   ,  ^1  4-  The   slowness  with  which 

Fig.  8.   MoUon  of  the  Ions  in  a  Weak  Elcc-         ^ 

trie  Field.  the  ions  are  drawn  to  the  elec- 

trodes is  shown  further  by  the 
curve  in  Fig.  9,  which  gives  the  charge  obtained,  with  the  field 
acting  for  different  times,  just  after  the  rays  had  ceased  to  act,  the 
pressure  being  200  atmospheres,  the  potential  1,000  volts  and  the 
distance  between  the  electrodes  8  mm. 


F\g.  9.     Time  Required  to  Collect  the  Ions. 
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It  is  seen  that  in  this  case  it  requires  about  three  tenths  of  a  second 
for  all  of  the  ions  to  get  to  the  electrodes. 

The  Ionization  Current  at  Different  Temperatures, 
5.  An  increase  in  the  temperature  of  the  air  at  high  pressures 
causes  a  change  in  the  ionization  current,  and  in  the  number  of  ions 
collected  when  the  rays  have  ceased  to  act  and  a  voltage  is  applied 
to  the  electrodes. 


Fig.  10.     Ionization  Current  at  Different  Temperatures  and  Potentials. 

The  results  of  some  experiments  along  this  line  are  shown  in 
Fig.  10  where  the  ordinates  of  the  curves  are  proportional  to  cur- 
rents obtained  at  the  various  temperature  represented  by  the  abscis- 
sas when  the  constant  voltages  given  in  each  case  were  applied  to  the 
electrodes,  the  density  of  the  gas  being  kept  constant,  the  pressure 
at  20°  being  200  atmospheres.  It  is  seen  that  with  the  smaller 
voltages  the  curves  slope  downward  while  for  the  higher  potentials 
they  slope  upward.  With  a  difference  of  potential  of  about  38 
volts  there  would  be  no  change  in  the  current  as  the  temperature 
of  the  gas  is  increased. 

The  change  in  the  number  of  ions  that  are  drawn  to  the  elec- 
trodes, after  the  rays  have  been  removed,  at  two  different  temper- 
atures is  shown  in  Fig.  11.  The  ordinate  represented  by  -^  is 
proportional  to  the  number  of  ions  drawn  to  the  electrodes  when  a 
difference  of  potential  of  1,000  volts  was  applied,  one  tenth  of  a 
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second  after  the  rays  ceased  to  act,  the  temperature  being  21°  Centi- 
grade and  the  pressure  of  the  gas  2(X)  atmospheres.  B  is  propor- 
tional to  the  number  obtained  four  seconds  after  the  rays  ceased  to 
act,  the  temperature  and  pressure  being  the  same  as  for  A,  C  and 
D  arc  corresponding  points  at  a  temperature  of  43°,  the  density  of 
the  gas  being  the  same  as  for  A  and  B,  It  is  seen  that  more  ions 
arc  drawn  to  the  electrodes,  one  tenth  of  a  second  after  the  rays 
ceased  to  act,  at  the  higher  temperature  than  at  the  lower.  After 
an  interval  of  four  seconds,  however,  the  number  is  practically  the 
same  at  both  temperatures. 


Fig^.  1 1 .     Nomber  of  Free  Ions  Produced  at  Different  Temperatures. 

The  fact  that  the  upper  curve  in  Fig.  10  has  an  upward  slope 
and  that  C  in  Fig.  1 1  represents  a  greater  charge  than  A  indicates 
that  at  the  higher  temperature  a  greater  number  of  free  ions  are 
produced  by  the  rays,  and  since  the  difference  between  C  and  D 
is  greater  than  that  between  A  and  B  there  is  at  the  higher  tem- 
perature a  more  rapid  recombination,  an  interpretation  that  is  how- 
ever subject  to  the  great  uncertainty  as  to  the  part  played  by 
diffusion. 

The  two  last  above-mentioned  changes  are  opposite  in  their  effect 
on  the  ionization  current  and  it  seems  reasonable  to  suppose  that 
the  potential  38,  see  Fig.  10,  for  which  there  is  no  change  in  the 
current  with  temperature,  establishes  a  condition  such  that  the  in- 
crease in  the  number  of  free  ions  is  just  offset  by  the  greater  loss 
due  to  the  increase  of  the  rate  of  recombination.    At  potentials  less 
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than  this  the  time  required  for  the  ions  to  pass  to  the  electrodes  is 
greater  and  therefore  there  is  a  greater  loss  by  recombination  and  a 
consequent  decrease  in  the  current.  At  higher  potentials,  however, 
the  time  is  shorter  so  that  there  is  a  smaller  loss  due  to  recombina- 
tion and  therefore  an  increase  in  the  current. 

There  are  indications,  however,  that  at  38  volts  the  current  re- 
mains constant  only  for  a  short  range  of  temperature  and  that  the 
curve  soon  begins  to  turn  downward.  This  will  be  brought  out  in 
a  subsequent  paper. 

No  determination  of  the  change  with  temperature  of  the  ionic 
velocity  due  to  the  field  has  yet  been  undertaken.  A  change  of 
this  kind  would  have  no  effect  at  the  higher  potentials  where  prac- 
tically all  the  ions  are  drawn  to  the  electrodes  so  that  there  is  no 
loss  due  *to  recombination.  At  lower  potentials  it  would  affect 
somewhat  the  slope  of  the  current-temperature  curves.  The  gen- 
eral character  of  the  curves  shown  in  Fig.  10  is,  however,  indepen- 
dent of  a  change  of  this  kind. 

Results  for  Carbon  Dioxid. 

The  results  given  below  were  obtained  with  commercial  carbon 
dioxid,  for  pressures  up  to  the  liquid  state.  The  method  employed 
for  filling  the  ionization  chamber  with  carbon  dioxid  was  as  follows : 
The  supply  cylinder  containing  the  liquid  CO,  was  inverted  and 
placed  higher  than  the  testing  cylinder.  It  was  allowed  to  remain 
in  this  position  for  some  time,  so  as  to  permit  any  free  light  impuri- 
ties to  rise  to  the  top  of  the  liquid  and  any  heavy  impurity  to' sink 
to  the  bottom.  Before  filling  the  ionization  chamber  the  liquid  was 
allowed  to  escape  into  the  air  for  a  time  sufficient  to  force  out  any 
heavy  impurity  which  might  have  collected  near  the  outlet  at  the 
bottom  of  the  cylinder. 

The  Lingering  of  the  Ions  in  Carbon  Dioxid, 

I.  The  results  for  the  lingering  of  the  ions  in  carbon  dioxid  at  61 
atmospheres  pressure  and  at  a  temperature  of  21^  C.  are  shown  in 
Fig.  12. 

Here  again  the  ordinates  are  proportional  to  the  number  of  ions 
present,  at  times   afler  the   rays  had   ceased   to  act,  which  are 
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expressed  in  seconds  by  the  corresponding  abscissas.  The  linger- 
ing is  here  much  more  marked  than  in  air  at  the  same  pressure, 
doubtless  owing  to  the  greater  density,  the  amount  being  compar- 
able to  that  for  air  at  400  atmospheres. 


Fig.  12.     Lingering  of  the  Ions  in  Carbon  Dioxid. 

The  Ionization  Current  at  Different  Pressures  and  Potentials, 

2.  The  relation  between  the  pressure  and  the  current  due  to  the 
ions  produced  by  the  gamma  rays  was  determined  for  a  number  of 
potentials.  The  results  obtained  for  the  time  /  at  the  various 
potentials  and  pressures  are  given  in  Table  III.  At  the  higher 
pressures  there  is  an  appreciable  natural  conductivity  in  the  gas. 
This  in  itself  gives  rise  to  a  current  which  is  present  when  the  rays 
are  acting.  The  time  for  the  current  due  to  the  rays  alone  was 
calculated  by  taking  the  product  of  the  time  due  to  the  natural  cur- 
rent alone  and  the  time  for  the  two  currents  together  and  dividing 
this  by  the  difference  of  the  two  times. 

These  results  are  shown  graphically  in  Fig.  13  by  the  curves 
marked  with  crosses,  where  the  ordinates  are  proportional  to  the 
currents  and  the  abscissas  represent  pressures  up  to  65  atmospheres 
where  the  gas  became  liquefied.  The  potential  corresponding  to 
each  curve  is  given  at  the  right. 
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Table  III. 

Change  of  the  Ionization  Current  with  the  Pressure  of  CO^, 


8 

.5  Volts. 

ai 

Volts. 

41.5  Volts. 

109  Volts. 

1,040  Volts. 

P 

t 

P 

/ 

P 

t 

P 

t 

P 

/ 

6 

5.56 

6 

41.2 

6 

35.52 

6 

32.6 

6 

27.5 

10 

10 

34.7 

10 

29.0 

10 

26.2 

10 

21.3 

IS 

56.52 

15 

31.1 

15 

25.9 

15 

22.4 

15 

17.2 

20 

20 

28.1 

20 

22.0 

20 

19.0 

20 

15.8 

25 

55.0 

25 

27.6 

25 

20.7 

25 

17.7 

25 

12.5 

30 

57.3 

30 

26.8 

30 

19.7 

30 

16.1 

30 

12.9 

35 

58.7 

35 

26.9 

35 

19.7 

35 

15.6 

35 

12.2 

40 

64.5 

40 

27.1 

40 

19.0 

40 

14.6 

40 

11.4 

45 

62.7 

45 

26.8 

45 

18.6 

45 

14.1 

45 

10.8 

50 

68.1 

50 

27.7 

50 

18.7 

50 

14.3 

50 

10.7 

55 

70.5 

55 

28.5 

55 

18.7 

55 

13.8 

55 

9.9 

60 

84.6 

60 

31.9 

60 

19.7 

60 

13.5 

60 

9.3 

64 

91.0 

64 

33.3 

64 

20.6 

64 

13.7 

64 

9.2 

It  is  is  seen  that  the  curves  are  in  general  similar  to  those  for  air. 
This  indicates  that  the  ionization  is  independent  in  a  large  measure 
at  least  of  the  intermolecular  forces  which  exert  a  large  influence 
upon  the  gas  when  it  approaches  the  liquid  state. 


At777osp^e?^s 
Fig.  13.     Current- Pressure  Curves  and  the  Natural  Conductivity  of  Carbon  Dioxid. 
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The  Natural  Conductivity  of  Carbon  Dioxid. 

3.  Some  results  showing  how  the  current  due  to  the  natural  con- 
ductivity of  the  CO,  changes  with  the  pressure  of  the  gas  are  repre- 
sented by  curve  B  in  Fig.  13,  the  difference  of  potential  used  being 
1,000  volts.  The  first  portion  of  the  curve  from  ato  c  shows  how 
the  natural  conductivity  increases  as  the  gas  approaches  the  liquid 
state.  There  is  a  very  sudden  increase  cd  in  the  conductivity  at 
62.5  atmospheres  which  is  the  pressure  at  which  the  CO,  liquefies 
for  the  temperature  involved ;  namely,  22.6°  C  At  this  stage 
when  the  cylinder  had  become  filled  with  the  liquid  the  lower 
valve  was  closed  so  that  the  density  could  not  change.  Heat  was 
then  applied  to  the  outside  of  the  cylinder  and  readings  for  the  cur- 
rent were  taken  as  the  temperature  slowly  increased.  The  results 
are  shown  by  the  portion  def  of  curve  B,  where  the  abscissas 
now  represent  temperatures  instead  of  pressures,  the  ordinates  as 
before  being  proportional  to  the  current  due  to  the  natural  conduc- 
tivity. It  is  seen  that  the  conductivity  decreases  slowly  with  the 
rise  in  temperature  up  to  about  33°  C,  above  which  however  it 
diminishes  rapidly.  It  is  to  be  noticed  that  this  change  in  the 
behavior  of  the  liquid  takes  place  at  the  critical  temperature. 

The  Ionization  Current  at  Different  Temperatures. 

4.  The  ionization  current  due  to  the  rays  was  also  obtained  in 
this  range  of  temperature,  the  density  remaining  constant.  The  re- 
sults represented  by  the  extended  portion  of  the  current  pressure 
curve  at  1,070  volts  in  Fig.  13,  indicates  that  the  current  undergoes 
no  marked  change,  the  current  increasing  slowly  with  the  rise  in  tem- 
perature. The  fluctuation  of  the  readings  was  due  to  inaccuracy  in 
measuring  the  short  time  interval  (about  two  seconds)  required  for 
the  leaf  of  the  electroscope  to  move  through  the  range  used,  the 
available  capacity  being  too  small. 

These  results  show  that  the  ionization  due  to  the  rays  is,  at  least 
for  the  sensibility  and  potential  involved  in  this  investigation,  quite 
independent  of  the  natural  dissociation  to  which  the  liquid  or  vapor 
conductivity  is  due. 
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Summary  and  Conclusions. 

The  results  obtained  in  this  investigation  and  the  conclusions 
drawn  from  them  are  as  follows : 

{a)  As  the  density  of  air  or  CO,  increases,  the  ionization  current 
obtained  with  any  given  potential  attains  a  maximum  value  and  then 
diminishes.  See  Figs.  3  and  5.  The  higher  the  potential  the 
greater  is  the  value  of  the  density  giving  the  maximum  current. 
At  potentials  higher  than  100  volts  the  current,  beyond  the  maxi- 
mum point,  is  an  inverse  linear  function  of  the  density.  A  probable 
explanation  of  these  results  is  that  when  the  molecules  are  closer 
together  it  becomes  more  difficult  to  prevent  an  electron  from  re- 
turning to  its  parent  atom. 

{b)  It  requires  several  seconds  at  the  higher  densities  for  the  rays 
to  produce  a  steady  state.     See  Fig.  6. 

{c)  As  the  density  of  a  gas  increases  the  ions  linger  for  a  longer 
time  before  they  recombine,  showing  that  after  an  ion  becomes  free 
it  is  more  difficult  for  it  to  combine  with  another  ion  when  the  den- 
sity of  the  gas  is  considerable.     See  Figs.  7,  8  and  1 2. 

{d)  The  rate  of  recombination  of  the  ions  increases  as  the  tem- 
perature of  the  gas  increases.     See  Fig.  1 1 . 

{/)  The  number  of  free  ions  produced  by  the  rays  increases  with 
the  temperature.     See  Figs.  10  and  11. 

(/)  The  natural  conductivity  of  CO,  gas  increases  as  the  gas  ap- 
proaches the  liquefying  pressure.  When  the  gas  liquefies  its  con- 
ductivity suddenly  changes  to  more  than  double  its  former  value. 
See  acd.  Fig.  13. 

{g)  The  natural  conductivity  of  liquid  CO,  decreases  slowly  with 
increasing  temperature  up  to  about  the  critical  temperature  when  it 
begins  to  decrease  rapidly.     See  def.  Fig.  1 3. 

(A)  The  ionization  produced  by  the  rays  is  quite  independent  of 
the  changes  CO,  undergoes  when  it  liquefies  and  when  it  passes 
through  the  critical  temperature  and  pressure.     See  Fig.  13. 

In  conclusion  I  wish  to  express  my  sincere  thanks  to  Prof.  John 

Zeleny  for  many  helpful  suggestions  and  to  Dean  F.  S.  Jones  for 

kindly  securing  for  me  the  necessary  apparatus. 

Physical  Laboratory, 

Univeksitt  of  Minnesota, 
July  IS,  1908. 
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ON   THE  SUPPOSED   EXCESS   OF  NEGATIVE  ELEC- 
TRIFICATION PRODUCED   BY   SPRAYING. 

By  J.   C.    POMEROY. 

ALLESANDRINI  and  others  *  have  shown  that  when  water  is 
broken  up  into  a  fine  spray  ionization  is  produced.  Eve '  found 
the  number  of  negative  and  positive  ions  to  be  in  the  ratio  of  4  to  3 
and  the  following  investigation  was  undertaken  in  an  attempt  to  find 
the  explanation  of  this  discrepancy. 

A  Gouy  sprayer,  as  shown  in  Fig.  i,  was  used.  The  air  passed 

to  testing 


Fig.  1. 

from  the  sprayer  into  the  testing  chamber  of  an  ordinary  two-cham- 
bered electroscope  as  shown  (to  scale)  in  Fig.  2.  A  rather  small 
gold  leaf,  charged  to  about  250  volts,  was  used  and  observed  by  a 
microscope. 

All  readings  are  given  with  the  natural  leak  deducted  whenever 
this  was  appreciable  and  they  are  generally  averages  of  a  number 
of  observations. 

A  fairly  steady  air  current  was  obtained  by  using  an  ordinary 
glass-blower's  bellows  run  by  a  motor.  The  air  pressure  was  regu- 
lated as  shown  in  Fig.  3.  The  air  was  first  pumped  into  a  large 
carboy  c  from  which  it  passed  to  the  sprayer  through  a  glass  wool- 
filter/ (to  remove  dust  and  possible  ions).     A  side  tube  «  dipped 

^  £.   Allesandrini,  N.  Cimento,  4,  p.  389,  December,  1902.     H.  A.  Wilson,  Pbil. 
Mag.,  July,  1902.     A.  S.  Eve,  Phil.  Mag.,  September,  1907,  p.  382. 
»Eve,  loc.  cit. 
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about  80  cm.  into  a  cylinder  of  water  b  and  the  motor  was  run  at 
such  a  rate  that  the  air  constantly  escaped  through  this  tube. 


Fig.  2. 

When  the  sprayer  contained  no  water  the  passage  of  air  through 
the  apparatus  produced  no  effect  on  the  electroscope,  whether 
positively  or  negatively  charged. 


Fig.  3. 
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Eve  first  charged  his  electroscope  and  then  pumped  air  through 
the  sprayer  into  the  testing  chamber  for  one  fourth  or  one  half  min- 
ute. He  found  no  indication  of  a  difference  in  the  velocity  of  the 
positive  and  negative  ions. 

In  this  investigation  three  slightly  different  procedures  were  fol- 
lowed : 

1 .  Eve's  method  of  first  charging  the  electroscope  and  then  pump- 
ing for  one  fourth  minute  and  measuring  the  fall  of  the  gold  leaf 
at  stated  periods. 

2.  The  electroscope  was  first  charged  and  the  rate  of  leak  for 
steady  pumping  was  measured. 

3.  The  electroscope  was,  at  first,  left  uncharged  and  the  air-cur- 
rent continued  for  two  minutes  or  until  a  steady  state  was  obtained 
in  the  testing  chamber.  The  air  was  then  suddenly  stopped,  the 
electroscope  quickly  charged  and  the  fall  of  the  leaf  timed. 

The  results  by  each  of  the  three  methods  show,  as  Eve's  did,  an 
excess  of  negative  ions,  the  ratio,  being  approximately  3  to  2.  The 
first  and  second  methods  gave  no  indication  of  different  velocities 
for  the  positive  and  negative  ions  as  the  ions  of  both  signs  were  re- 
moved almost  as  fast  as  they  entered  the  testing  chamber.  This 
was  shown  by  there  being  very  little  fall  of  the  leaf  after  the  air- 
current  was  cut  off.  Table  I.  gives  the  average  of  a  number  of 
readings  by  the  third  method. 

Table  I. 


Fall  of  gold  leaf  in  micro- 
scope scale  diTisions. 

Percentage  of  total  fall. 


First 

Quarter 

Min. 

Second 

Quarter 

Min. 

Second 
Half 
Min. 

Second 
Min. 

Total 
FaU. 

-j-ions. 

8 

2 

1 

0 

11 

—  ions. 

14 

3 

1 

0 

18 

-f  ions. 

72.7 

18.2 

9.1 

0 

—  ions. 

77.8 

16.7 

5.6 

0 

From  the  above  table  it  will  be  noticed  that  a  larger  percentage 
of  the  negative,  than  of  the  positive  ions  was  removed  by  the  field 
during  the  first  quarter  minute  after  stopping  the  air  current  and 
putting  on  the  field,  while  the  reverse  is  the  case  in  the  second  quar- 
ter and  second  half  minutes.  This  indicates  a  somewhat  greater 
velocity  for  the  negative  ions  as  they  are  removed  more  rapidly.  The 
difference  is  small  but  was  noticeable  in  each  of  the  readings  taken. 
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Both  positive  and  negative  ions  were  found  to  be  entirely  removed 
by  a  filter,*  consisting  of  a  cylindrical  metal  box  (6.5  cm.  x  6.5  cm.) 
filled  with  glass  wool  and  insulated  by  quartz  tubes  through  which 
the  air  passed  in  and  out.  This  box  was  connected  to  a  Dolezalek 
electrometer  and  with  constant  spraying  the  needle  moved  uniformly 
at  about  100  graduations  per  second  until  it  passed  off  the  scale  in 
a  direction  indicating  a  negative  charge.  Whenever  the  air  was 
abruptly  stopped  the  needle  remained  at  its  maximum  position  except 
for  a  slight  natural  leak.  As  the  glass  wool  catches  all  the  ions  of 
both  signs  the  chamber  acts  as  a  **  Faraday  box  *'  and  the  result 
proves  an  excess  of  negative  electrification  on  the  incoming  air  and 
spray. 

Having  then  found  that  the  air  and  spray  entering  the  electro- 
scope really  carried  more  negative  than  positive  electricity  the  next 
point  was  to  trace  this  disparity  to  its  source.  To  do  this  a  dif- 
ferent form  of  sprayer  was  employed  (see  Fig.  4). 


Fig.  4. 

Reservoir  and  sprayer  (see  figure)  were  carefully  insulated  and 
connected  to  the  electrometer  but  no  charge  was  found  even  with 
continued  spraying.  A  grounded  metallic  screen  s  was  then  placed 
in  front  of  the  sprayer  so  that  air  and  spray  passed  through  a  hole 
in  its  center.  This  screen  was  designed  to  prevent  ions  from  the 
spray  being  drawn  back  onto  the  sprayer  and  thus  neutralizing  any 
charge  it  might  acquire.  It  also  prevented  air  currents  carrying 
ions  back  onto  the  sprayer  and  thus  charging  it.  As  no  movement 
of  the  electrometer  needle  was  obtained  in  either  of  these  cases  this 
disposes  of  the  idea  that  any  part  of  the  positive  electrification  was 
1  Compare  Eve,  Phil.  Mag.,  September,  1907,  p.  384. 


Digitized  by 


Google 


496  /.  C.  POMEROY,  [V0L.XXVIL 

left  on  the  sprayer.  This  result  made  it  probable  that  positive 
electricity  was  carried  out  of  the  spray  by  the  heavier  drops  that 
were  not  carried  along  by  the  air  current. 

This  idea  was  tested  as  follows :  a  metal  pan  (30  cm.  by  10  cm.), 
insulated  and  connected  to  the  electrometer,  was  so  placed  that  a 
large  part  of  the  heavier  spray  settled  on  it.  Under  these  con- 
ditions the  electrometer  needle  moved  at  20  graduations  per  second, 
indicating  a  steadily  increasing  positive  charge  brought  there  by  the 
heavier  spray. 

To  make  sure  that  this  was  not  due  to  the  splashing  of  the  water 
particles  against  the  metal  surface^  the  pan  was  partly  filled  with 
water  but  this  did  not  appreciably  affect  the  rate  at  which  the 
electrometer  moved.  If  Lenard's  "  double  layer  of  electrification  " 
theory  is  to  hold  or  if  the  electrification  due  to  splashing  is  caused 
in  any  way  by  a  change  in  the  area  of  the  water  surface  then  it 
seems  that  any  possible  effect  due  to  splashing  should  be  of  opposite 
sign  in  these  two  cases,  since  in  the  first  there  is  an  increase  in  the 
water  surface  when  a  particle  strikes  and  in  the  second  a  decrease. 
In  the  next  place  a  metal  shield  was  placed  over  the  pan  and 
connected  with  it,  as  in  s.  Fig.  5,  so  that  the  greater  part  of  the  air 

and  spray  would  be  directed  by  the 
shield  into  the  pan.  The  needle 
moved  slowly  to  a  maxiniutn  of  23 
graduations  in  a  negative  direction, 
attaining  this  in  about  10  seconds 
whether  the  pan  contained  water  or 
not.  That  is,  when  both  air  and 
spray  came  in  contact  with  the  collector  the  charge  proved  to  be 
much  smaller  than  when  the  heavier  drops  alone  were  caught. 

These  facts  and  the  non-electrification  of  the  sprayer  itself  tended 
to  confirm  the  idea  that  the  heavier  spray  carried  part  of  the  posi- 
tive electrification  out  of  the  field  and  left  the  air  and  lighter  spray 
with  an  excess  of  negative  ions. 

Following  out  the  above  crude  experiments,  a  testing  vessel  was 
constructed,  which  consisted  of  a  bent  tube  of  three  insulated  sec- 
tions, as  shown  in  Fig.  6.     The  end  of  the  sprayer  was  cemented 
into  the  end  of  section  /,  so  as  to  ensure  all  the  air  and  spray  pass- 
>  Sec  Lenard,  Wied.  Ann.,  XVLI.,  1892,  p.  584. 
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ing  through  the  chamber.  Each  section  was  insulated  from  the 
next  so  that  each,  in  turn,  could  be  connected  with  the  electrom- 
eter or  could  be  grounded.  A  plug  of  glass  wool  similar  to  one 
which  had  before  been  proved  to  stop  all  ions  was  placed  in  the  end 
of  section  ///.  On  grounding  two  sections  and  connecting  the 
other  to  the  electrometer  continuous  spraying  caused  the  needle  to 
move  slowly  to  a  maximum  deflection,  which  it  reached  in  from  four 


^^^ 


Sec.  11  Sec  III 


Fig.  6. 


to  six  minutes.  When  section  /,  in  which  most  of  the  heavier 
particles  were  stopped,  was  connected  to  the  electrometer  the  needle 
indicated  a  positive  charge  with  a  maximum  of  30  scale  divisions. 
When  //  and  ///  were  tested  in  the  same  way  the  electrometer 
indicated  negative  charges  of  maxima,  25  and  12  scale  divisions 
respectively. 

It  is  well  to  note,  however,  (i)  that,  as  the  capacities  of  the  three 
sections  were  not  equal,  we  are  not  justified  in  considering  the 
potentials  as  indicated  by  the  electrometer  in  the  three  cases  as  pro- 
portional to  the  charges  ;  (2)  that  the  ions  were  not  driven  to  the 
sides  of  the  vessel  by  a  field  but  that  the  charge  indicated  by  the 
electrometer,  in  each  case,  was  merely  that  due  to  the  excess  of  the 
ions  of  one  kind  over  those  of  the  other  in  each  section  at  any  par- 
ticular time  ;  (3)  that  this  was  measured  by  its  induction  (Faraday 
box)  effect ;  and  hence  (4)  the  excess  of  the  sum  of  the  negative 
readings  in  //and  ///over  the  positive  in  /is  not  to  be  taken  as 
showing  an  excess  of  negative  electrifications  leaving  the  sprayer. 

When  the  three  sections  were  connected  together  —  thus  catch- 
ing all  the  ions,  positive  and  negative  —  the  electrometer  showed  no 
charge  although  the  spraying  was  continued  for  over  twenty  minutes. 
This  proves  that  the  mixed  spray  and  air,  on  leaving  the  sprayer, 
shows  no  excess  of  negative  electrification. 
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The  experiment  in  which  the  heavier  spray  was  found  to  carry 
down  so  much  positive  electricity  and  the  difference  in  the  velocities 
of  the  positive  and  negative  ions  suggested  that  all  the  water 
particles,  coarser  and  finer,  might  carry  positive  charges  and  that 
in  this  case,  the  negative  ions  might  be  attached  to  clusters  of  air 
molecules. 

To  test  this  the  sprayer  shown  in  Fig.  i  was  again  used  and  the 
air  current  was  kept  constant  while  the  measurements  were  being 
taken.  The  air  and  fine  spray  were  passed  from  end  to  end  of  a 
rectangular  glass  vessel  (45  cm.  x  4  cm.  x  4  cm.)  to  the  testing 
chamber  of  the  electroscope  and  to  a  second  chamber  containing 
an  hygrometer.  The  top  of  the  rectangular  glass  vessel  consisted 
of  a  metal  plate  attached  and  insulated  with  sealing  wax.  This 
vessel  was  sometimes  used  empty  of  liquid  and,  sometimes,  with  a 
layer  of  sulphuric  acid  covering  the  bottom.  This  acid  was  con- 
nected to  the  ground  by  a  platinum  wire  dipping  into  it.  The 
metal  plate  was  sometimes  grounded  and  sometimes  charged  to  a 
positive  or  negative  potential  of  between  3,000  and  4,000  volts. 

Table  II.  shows  the  ionization  (positive  and  negative)  reaching 
the  electroscope  when  the  plate  was  grounded  and  the  vessel  con- 
tained (i)  air  only  and  (2)  a  layer  of  sulphuric  acid  0.5  cm.  deep 
covering  the  bottom  and  connected  to  the  ground.  The  readings 
given  show  the  position  of  the  gold  leaf  at  the  times  indicated,  also 
the  differences,  giving  the  fall  during  successive  minutes. 

Table  II. 

Time  in  Minutes.  0x93  4  5  6 

Without  acid,  +  ions  1.1        1.5        2.3        3.3        4.3        5.3        6.3 

Difference  for  1  minute  A  .8         1.0        1.0         1.0         1.0 

With  acid,  +  ions  1.0        1.3        1.5        1.9        2.3        2.8        3.3 

Difference  for  1  minute  .3  .2  .4  .4  .5  .5 

Without  acid,  —  ions  1.0        2.1        3.4        4.5        5.6        6.7        7.8 

Difference  for  1  minute  1.1         1.3         1.1         1.1         1.1         1.1 

With  acid,  —  ions  1.0        1.8        3.0        4.1        5.3        6.5        7.8 

Difference  for  1  minute  .8         1.2         1.1         1.2         1.2         1.3 

The  above  table  shows  that,  even  when  no  field  was  maintained 
between  the  acid  and  the  metal  plate,  fully  one  half  of  the  positive 
ions  were  removed  with  the  water  absorbed  by  the  acid,  while  the 
7iegative  ionization  was  not  affected  by  the  presence  of  the  acid. 
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Further,  when  the  upper  plate  was  kept  charged  to  a  potential 
of  from  3,000  to  4,000  volts  all  the  ions,  positive  and  negative, 
were  removed  before  reaching  the  electroscope. 

Table  III.  gives  observations  on  the  dew  point  after  passing 
through  the  above  vessel  under  various  conditions.  Between  each 
two  successive  readings  a  strong  current  of  air  was  passed  through 
the  apparatus  (except  the  sprayer)  for  five  minutes  in  order  to  en- 
sure the  same  initial  conditions  for  each  reading. 


Table  III. 

Without  acid. 

Dew  Point. 

Conatant  Value. 

Plate  gronoded 

14.9«>  C. 

8  minutes. 

Plate  negative 

IA,9^  C. 

20 

« 

Plate  posittve 

14.9«»  C. 

20 

it 

With  acid. 

Plate  grounded 

5.P  C. 

8 

t€ 

Plate  negative 

5.90  C. 

17 

l( 

Plate  positive 

2.5'»  C. 

10 

<l 

In  the  above  table  the  following  points  should  be  noted  : 

1.  When  there  was  no  acid  in  the  vessel  the  final  dew  point  was 
not  affected  by  the  charge  on  the  plate,  the  difference  between 
the  three  average  readings  obtained  being  less  than  o^.i  C. 

2.  When  the  vessel  contained  a  layer  of  acid  and  when  the  plate 
was  grounded  the  dew  point  fell  to  considerably  less  than  one  half 
its  former  value.  This  harmonizes  with  the  loss  of  positive  ioniza- 
tion under  the  same  conditions  as  noted  above. 

3.  When  the  positive  ions  were  drawn  away  from  the  acid  by  a 
negative  charge  on  the  plate,  the  final  dew  point  was  considerably 
higher  than  in  the  case  where  there  was  no  electrostatic  field  between 
the  acid  and  plate. 

4.  In  the  last  case  (plate  positive)  the  exact  dew  point  was  very 
difficult  to  determine  as  almost  immediately  after  the  first  appear- 
ance of  moisture,  hoar  frost  formed  and  this  did  not  disappear  until 
the  temperature  was  considerably  above  the  point  at  which  the 
moisture  first  appeared.  Hence  the  value  given  is  probably  too 
high.  Thus  in  this  case  nearly  all  the  moisture  was  driven  into 
the  acid  by  the  field.  This  confirms  the  idea  that  even  the  finest 
spray  carried  positive  charges. 
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The  time  taken  for  the  moisture  to  get  into  a  steady  state  seems 
to  be  an  imix>rtant  point.  When  the  positive  ions  were  drawn  to 
a  surface  from  which  the  moisture  can  readily  evaporate  the  dew 
point  falls  rapidly  for  a  short  time  then  gradually  rises  taking  about 
twenty  minutes  to  come  to  a  constant  value.  When,  however, 
there  is  no  field  or  when  the  field  tends  to  drive  the  positive  ions 
to  the  surface  of  the  add  this  time  is  only  one  half  as  great. 

This  indicates  clearly  that  the  fine  water  particles  are  positively 
electrified.  They  seem  to  be  drawn  by  a  negative  chaise  out  of 
the  air,  onto  the  plate  for  a  time  but  as  soon  as  the  quantity 
of  moisture  on  the  plate  becomes  sufficient  to  make  the  evap- 
oration equal  to  the  amount  deposited  the  moisture  attained  the 
same  value  it  would  have  had  without  the  field.  When,  how- 
ever, the  vessel  contained  acid  and  when  the  positive  ions  were 
driven  to  the  surface  of  the  acid  the  water  was  absorbed  and  the 
moisture  did  not  rise  to  the  value  it  had  without  the  field.  In  fact, 
in  this  case  it  did  not  rise  above  the  minimum  value,  which  it 
reached  in  less  than  ten  minutes.  But  on  the  other  hand  when  the 
positive  ions  were  drawn  away  from  the  surface  of  the  acid  by  the 
field  the  final  dew  point  was  higher  than  it  would  have  been  with- 
out the  field. 

These  results  tend  to  show  that  almost  all,  if  not  all,  the  positive 
ions  due  to  spraying  are  on  the  water  particles  and  that  by  far  the 
greater  part  of  the  water  particles  carry  positive  charges.  Also, 
since,  when  the  negative  carriers  were  driven  against  the  acid  by 
the  field  and  the  positive  ones  lifted  off  it  the  air  is  distinctly 
moister  than  with  no  field,  the  conviction  is  forced  on  one,  that  the 
negative  charges  cannot  be  associated  with  spray  particles  to  any- 
thing like  the  same  extent  that  the  positive  ones  are,  if  indeed  at  all. 

This  view  suggests  a  possible  explanation  of  the  different  condens- 
ing powers  of  the  positive  and  negative  ions  in  adiabatic  expansions, 
as  investigated  by  C.  T.  R.  Wilson  and  others  *  also  in  the  action  of 
ionized  air  in  condensing  a  steam  jet  as  noted  by  Helmholtz  *  and  J.J. 
Thompson.'     If  the  water  particles  in  the  air  carry  positive,  rather 

» J.  J.  Thompson,  Phil.  Mag.,  Vol.  46,  p.  528,  1898;  C.  T.  R.  Wilion,  Phil.  Trans., 
Vol.  189,  p.  265,  1897  ;  Vol.  193,  p.  289,  1900;  Phil.  Mag.,  Vol.  7,  p.  681,  I904. 
H.  A.  Wilson,  Phil.  Mag.,  Vol.  5,  p.  433,  I903. 

«  Helmholtz,  Wied.  Ann.,  XXXIII.,  p.  I,  1887. 

» J.  J   Thompson,  Phil.  Mag.,  Vol.  146,  528,  1898. 
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than  negative  charges  they  would  tend  to  combine  with  the  nega- 
tive ions  produced  by  Rontgen  rays  or  other  means  and  only  those 
particles  which  were  uncharged  or  charged  negatively  would  read- 
ily unite  with  the  positive  ions. 

The  objection  might  be  raised  that  in  general  no  ionization  is  pro- 
duced by  evaporation.^  However,  Holmgren*  has  shown  that 
electrification  is  produced  even  by  ripples  on  the  surface  of  water. 
In  the  Wilson  apparatus,  as  there  must  always  be  a  certain  jarring 
in  making  the  expansion,  even  if  the  water  is  not  intentionally  shaken 
up  to  saturate  the  air  with  moisture,  the  water  particles  probably 
carry  positive  charges  as  noticed  by  Aitken  *  and  in  the  production 
of  steam  in  a  boiler,  there  is  always  quite  sufficient  jarring  and  bub- 
bling to  produce  ionization.  So  it  seems  quite  possible  that  the 
Wilson  and  Helmholtz  effects  referred  to  above  are  due,  in  some 
measure,  to  the  positive  charges  carried  by  the  water  vapor. 

The  above  investigation  was  carried  out  in  the  Physics  Labora- 
tories of  Queen's  University,  at  the  suggestion  of  Professor  W.  C. 
Baker,  and  I  wish  to  take  this  opportunity  of  expressing  my  sincere 
thanks  to  him  for  his  advice  and  enthusiastic  encouragement  and 
also  to  thank  Mr.  C.  H.  Burroughs  for  assistance  in  making  the 
drawings. 

^Eve,  Phil.  Mag.,  September,  1907,  p.  382. 

*  Holmgren,  Societe  Physiographiqne  de  Ijond.,  1894. 

*  Aitken  has  noticed  that  when  the  water  in  his  dust-counting  apparatus  was  allowed 
to  splash  about  many  nuclei  were  produced.     See  Edin.  Trans.,  Vol.  35,  p.  17,  1890. 
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SOME  PHYSICAL  PROPERTIES  OF  CURRENT  BEARING 
MATTER.^     V. :  REFRACTIVE  INDEX. 

By  Paul  R.  Hkyl. 

THIS  article  describes  some  experiments  on  the  effect  of  a 
current  of  electricity  upon  the  refractive  index  of  copper. 
The  result  is  negative.  With  electrol)rtic  copper  and  sodium  light, 
using  a  current  density  of  about  50  amperes  per  square  centimeter, 
there  is  no  change  in  the  index  as  great  as  two  per  cent.  The 
method  used  was  that  of  Drude,  the  measurement  of  the  elliptic 
polarization  introduced  when  plane  polarized  light  is  reflected  from 
a  polished  metallic  surface.* 

For  an  electrolyte,  this  question  has  been  investigated  by  Roiti,* 
Zecher*  and,  to  a  great  degree  of  accuracy,  by  Rayleigh.*  The 
latter  used  an  interference  method,  and  working  with  dilute 
sulphuric  acid  he  was  able  to  state  that  for  a  current  density  of  one 
ampere  per  square  centimeter  there  could  be  no  change  in  the  index 
as  great  as  one  part  in  thirteen  million.  The  only  work  bearing 
even  indirectly  upon  the  question  of  a  metallic  conductor,  so  far  as 
I  am  aware,  is  by  Laue  and  Martens.*  This  work,  published  while 
the  present  experiments  were  still  unfinished,  had  a  somewhat 
different  object.     More  extended  reference  will  be  made  to  it  later. 

To  determine  the  refractive  index  of  a  metal  by  Drude's  method  it 
is  necessary  to  measure  ii,  the  difference  of  phase  introduced  by 
reflection,  and  ^,  the  azimuth  of  restored  polarization  after  the  light 
has  passed  through  the  compensator.  Then  the  index  n  is  given 
by  the  equation 

1  Earlier  articles  appeared  in  Physical  Review,  XIX.,  4;  XXI.,  3,  and  XXV.,  5. 
' Drude,  Theory  of  Optics  (Mann   and  Millikan*s  translation),  pp.  255-258  and 

361-363- 

*Pogg.  Ann.,  150,  p.  164. 

*  Repertorium  der  Physik,  20,  p.  151,  1884. 

*B.  A.  Report,  1888,  pp.  339-360. 

•Phys.  Zeitschrift,  vol.  8,  no.  23,  Nov.  15,  1907. 
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COS  2ib 

«  ■=  Sin  cp  tan  c> — ; -r-, : 

^  I  +  COS  a  sin  2ip 

where  (p  stands  for  the  angle  of  incidence  of  plane  polarized  light. 

In  Drude's  original  experiments  ^  the  apparatus  used  was  a  spec- 
trometer whose  collimator  and  telescope  were  fitted  with  nicols,  and 
whose  telescope  carried  in  addition,  in  front  of  the  nicol,  a  Soleil- 
Babinet  compensator,  composed  of  two  quartz  wedges  and  one 
quartz  plate.  The  same  form  of  apparatus  was  used  in  the  present 
work,  and  the  method  of  following  out  the  experiments  was  in  the 
main  copied  closely  after  Drude.  Certain  exceptions  to  this  will  be 
explicitly  mentioned.     The  notation  here  used  is  that  of  Drude. 

The  copper  mirror  used  was  prepared  by  depositing  copper  elec- 
trolytically  upon  a  piece  of  thin  sheet  copper  until  the  whole 'was 
about  a  millimeter  thick.  The  electrolytic  side  of  this  was  then 
polished,  and  used  for  the  experiments.  The  piece  used  was  2  cm. 
square,  but  not  all  of  this  was  allowed  to  reflect  light  into  the  tele- 
scope. Bits  of  black  paper  were  pasted  over  those  parts  where  the 
polish  was  poorest,  so  that  the  measurements  might  be  made  to  the 
best  advantage.  This  mirror  was  mounted  at  the  center  of  the  spec- 
trometer so  that  it  could  be  rotated  in  its  own  plane.  The  source 
of  light  was  a  bead  of  sodium  carbonate  in  a  Bunsen  flame,  placed 
as  close  to  the  slit  of  the  collimator  as  practicable.  The  setting  of 
the  nicols  to  extinction  is  not  very  accurate  at  the  best,  and  requires 
as  bright  a  light  as  possible. 

The  compensator  was  calibrated  by  means  of  plane  polarized 
light,  and  it  was  found  that  a  difference  of  phase  2n  was  introduced 
by  9.9s  turns  of  the  milled  head.  Hence  to  reduce  compensator 
readings,  denoted  here  by  C,  to  circular  measure  it  is  necessary  to 
multiply  by  36.18.  The  zero  point  of  the  compensator  was  deter- 
mined at  each  setting,  and  was  found  to  vary  slightly  from  day  to  day, 
probably  on  account  of  change  of  temperature.  The  extreme  varia- 
tion was  from  —  0.55  to  —  0.52.  In  using  the  compensator  to  de- 
termine J  four  settings  were  always  made,  approaching  the  point  of 
extinction  twice  from  opposite  directions,  and  all  values  of  C  are 
the  means  of  four  such  settings. 

^  Wied.  Ann.,  vol.  39,  no.  4,  1890,  pp.  481  et  seq. 
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The  determining  of  jj  is  a  matter  of  more  difficulty  than  that  of 
J,  and,  in  addition,  the  value  of  n  is  more  aifected  by  a  small 
change  in  ip  than  in  J.  The  value  of  2ip  required  by  the  formula 
was  obtained  directly,  as  Drude  did  it,  by  rotating  the  polarizer 
through  90°  and  taking  the  difference  of  the  corresponding  set- 
tings of  the  analyzer.  Every  value  of  2^  is  the  mean  of  four  set- 
tings, as  with  the  values  of  J. 

Current  was  supplied  to  the  test  piece  by  a  small  spring  clip,  the 
jaws  of  which  were  insulated  from  each  other.  Wires  ran  from 
these  jaws  through  a  rheostat,  an  ammeter  and  a  knife  switch  to  a 
dynamo.  The  jaws  of  the  clip  were  made  to  clasp  either  the  upper 
and  lower  or  the  right  and  left  edges  of  the  mirror,  according  as 
the  current  was  to  flow  vertically  or  horizontally  over  the  mirror. 
When  horizontal,  the  (conventional)  direction  of  the  current  was 
always  from  the  side  of  the  mirror  nearest  the  collimator  to  that 
nearest  the  telescope. 

The  most  difficult  part  of  an  absolute  measurement  of  the  index 
of  a  metal  is  to  attain  a  perfect  polish  without  contaminating  the 
surface.  For  a  relative  measurement  such  as  the  present  one  it  is 
not  necessary  to  spend  the  great  amount  of  time  and  trouble  nec- 
essary to  remove  the  last  fine  scratches.  The  polishing  was  done, 
first  by  a  new  file,  then  by  successively  finer  grades  of  emery  paper, 
ending  with  000  of  the  French  variety.  This  gave  a  polish,  which, 
while  not  perfect,  gave  a  value  of  the  index  reasonably  near  that 
found  by  Drude,  who  found  it  necessary  to  use  0000  paper  and 
follow  this  with  a  steel  burnisher.  All  operations  of  polishing 
were  executed  dry,  and  in  a  single  direction. 

A  complete  determination  of  the  index  was  made  under  each  of 
four  conditions :  (i)  At  the  temperature  of  the  room,  and  no  cur- 
rent flowing ;  (2)  with  a  current  passing  horizontally ;  (3)  with  a 
current  passing  vertically  ;  (4)  warmed  by  the  passage  of  a  current, 
throwing  off  the  current  immediately  before  the  final  setting  of  the 
compensator  or  nicol  was  made.  The  purpose  of  this  was  to  dis- 
tinguish between  a  true  current  effect  and  any  effect  due  to  the  heat 
generated  by  the  current.  Drude  remarks  that  he  found  the  index 
to  be  independent  of  the  temperature.  In  this  he  was  in  accord 
with  the  results  of  Sissingh,  but  Kundt  found  the  reverse  to  be  true.^ 

*  Drude,  Wied.  Ann.,  loc.  cit.,  p.  538. 
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Laue  and  Martens,  however,  find  no  certain  alteration  for  a  change 
of  some  700®. 

Following  Drude's  notation,  the  subscript  i  will  be  affixed  to  all 
measurements  made  with  the  residual  scratches  on  the  mirror  par- 
allel to  the  plane  of  incidence  of  the  light,  and  the  subscript  2  to 
those  made  with  the  scratches  perpendicular  to  this  plane. 

The  system  of  observing  followed  was  to  make  one  complete 
measurement  of  the  index  under  each  of  the  four  conditions  above 
described  at  a  single  setting.  This  could  be  done  in  about  an  hour 
after  the  polishing  of  the  mirror  had  been  effected,  and  in  this  time 
no  marked  change  of  the  surface  took  place,  as  is  shown  by  the 
fact  that  the  compensator  readings,  which  are  quite  sensitive  to  sur- 
face impurities,  were  nearly  the  same  at  the  end  of  the  hour  as  at 
the  beginning.  To  eliminate  completely  any  effect  of  this  kind  the 
necessary  observations  were  made  in  position  i  for  all  the  four  con- 
ditions successively,  and  then,  placing  the  mirror  in  position  2,  the 
other  half  of  the  measurements  were  executed  in  reverse  order  of 
the  conditions,  thus  ending  under  the  same  conditions  as  at  first. 
As  the  mean  of  these  two  sets  of  results  is  used  in  the  calculation 
of  the  index,  it  will  be  seen  that  this  method  of  procedure,  ought  to 
eliminate  any  uniform  change  in  the  nature  of  the  surface. 

To  indicate  more  clearly  the  method  of  taking  the  observations, 
and  also  to  give  some  idea  of  the  degree  of  precision  attainable  the 
full  record  of  one  determination  of  the  index  will  be  given,  selected 
at  random,  and  then  the  results  of  the  whole  series  will  be  compactly 
summarized. 

Zero  point  of  compensator  —  0.53 
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TabUof  Values  of  n. 


Cold. 

Warm. 

Current 
Horizontal. 

Current 
Vertical 

0.578 

0.578 

0.529 

0.567 

554 

557 

549 

583 

539 

547 

540 

516 

551 

550 

551 

569 

555 

550 

564 

568 

568 

529 

583 

546 

532 

563 

547 

569 

517 

513 

535 

543 

589 

575 

591 

575 

552 

589 

554 

563 

554 

593 

563 

557 

518 

497 

536 

514 

Mean 

0.551 

0.553 

0.554 

0.556 

Average  departure 

from  mean 

0.016 

0.023 

0.015 

0.017 

In  all  the  above  results  ^  =  72°  and  the  current,  where  applied, 
was  nearly  10  amperes.  The  cross-section  of  the  mirror  being  0.2 
sq.  cm.,  the  current  density  was  about  50  amperes  per  square  centi- 
meter. The  third  figure  of  these  results  is  uncertain,  but  it  may 
safely  be  said  that  there  is  no  variation  as  great  as  one  unit  of  the 
second  figure,  that  is,  about  two  per  cent,  of  the  whole. 

Drude's  value  for  electrolytic  copper  with  the  mirror  face  parallel 
to  the  electrode  is  0.687.     This  greater  value  is  due  to  two  reasons  : 

The  above  values  of  n  were  calculated  by  means  of  the  formula 
already  quoted  from  Drude's  Theory  of  Optics,  which  is  approx- 
imate, and  not  rigid.  Drude's  value  was  calculated  by  means  of  a 
formula  giving  a  closer  approximation,^  the  efiSpct  of  which,  if  applied 
to  my  values,  would  increase  the  second  figure  by  three  units. 
The  simpler  formula  is,  however,  sufficient  for  the  purpose  of  a 
relative  measurement.  The  imperfection  of  the  polish  may  possibly 
account  for  the  remainder  of  the  difference. 

The  work  of  Laue  and  Martens  previously  referred  to  was  an 
attempt  to  determine  the  optical  constants  of  glowing  platinum  by 
the  polarization  of  the  obliquely  emitted  radiation.  For  a  strip  of 
platinum  heated  to  glowing,  presumably  by  a  current,  although 

*  Drude,  Wied.  Annalen,  loc.  cit.,  p.  507,  formula  3.  Formula  4  is  the  equivalent  of 
the  simpler  form  given  in  bis  Theory  of  Optics. 
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this  is  not  expressly  stated  in  the  paper,  they  obtained  for  the  index 
of  refraction  nearly  2.9.  Drude's  value  for  cold  platinum  is  about 
2.1.  The  authors  consider  it  probable  that  this  difference  was  not 
due  to  change  of  temperature,  as  an  alteration  of  some  700®  in  the 
latter  produced  no  certain  change  in  the  index.  Now  this  change 
of  temperature  must  have  been  produced  by  varying  the  current  in 
the  strip  ;  and  by  the  same  line  of  reasoning  it  would  appear  from 
the  work  of  Laue  and  Martens  that  the  index  is  independent  of  the 
current.  The  difference  between  their  result  and  that  of  Drude 
must  therefore  be  ascribed  to  some  cause  other  than  heat  or  the 
current.  Possibly  it  may  be  found  in  the  severe  chemical  treat- 
ment to  which  they  subjected  the  platinum  surface  preparatory  to 
the  measurement. 

The  Randal  Morgan  Laboratory  of  Physics, 
University  of  Pennsylvania. 
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THE  CRYSTALLIZATION  OF  UNDERCOOLED 

WATER. 

By  Boris  Weinberg. 

IN  order  to  show  the  undercooling  of  water  and  to  allow  the  free 
development  of  its  crystals  I  endeavored  to  introduce  into  the 
overcooled  water  a  piece  of  ice  put  in  a  finely  drawn  out  glass  tube. 
The  experiment,  carried  out  the  first  time  by  Mr.  Michael  Twanow, 
gave  an  unexpected  result.  When  the  crystallization  attained  the 
end  of  the  tube  there  began  to  grow  at  this  point  an  ice  crystal 
having  the  shape  of  a  hexagonal  star  and  very  similar  to  the  char- 
acteristic snow-crystals. 

The  greater  the  undercooling  of  water  the  more  numerous  were 
the  ramifications  and  the  greater  the  velocity  of  crystallization. 
With  water  overcooled  to  at  emperature  between  —  0^.3  and  —  1° 
I  obtained  small  stars  with  few  narrow  ramifications  (Fig.  i). 
Undercooling  to  a  temperature  between  —  1°  and  —  3°  gave  rise 


Fig.  1.  Fig.  2. 

to  stars  with  such  dense  ramifications  that  they  resembled  hexag- 
onal plates  (Fig.  2).  The  plane  of  the  stars  contains  the  direction 
of  the  end  of  the  tube  and  therefore  when  this  end  is  vertical  a  suffi- 
ciently large  plate  can  divide  the  vessel  into  two  parts.  An  under- 
cooling greater  than  —  3°  — especially  when  the  end  of  the  tube 
is  not  narrow  enough  —  produces  several   plates  set  in   different 
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azimuths,  and  the  whole  mass  becomes  at  last  a  mixture  of  differ- 
ently sized  crystals  and  water,  resembling  the  so-called  "  anchor  ice." 
The  crystals  are  often  a  conglomeration  of  several  stars  which 
have  their  planes,  their  principal  rays  and  even  the  ramifications  of 
higher  order  parallel  (Fig.  3). 

If  a  star  is  broken,  the  pieces  of  it  rise  horizontally  in  the  water 
with  slight  oscillations  and  attain  the  surface.  This  circumstance 
can  explain  the  verticality  of  the  optic  axis  by  river  and  lake  ice. 

The  evolution  of  these  artificial  snow 
crystals  can  be  easily  projected  on  a 
screen,  if  the  vessel  (a  tumbler,  an 
alembic,  an  evaporating  dish)  with 
undercooled  water  is  put  into  another 
vessel  with  plane-parallel  sides,  con- 
taining water  of  a  temperature  some- 
what higher  than  the  thaw  temperature 
of  the  surrounding  air.  For  under- 
Pj    3  cooling  any  water  can  serve,  but  the 

refrigerating  mixture  (finely  chopped 
ice,  upon  which  is  poured  a  strong  solution  of  NaCl)  must  not  be 
too  cold  (from  —  4*^  to  —  6*^)  and  its  level  must  be  lower  than  the 
level  of  the  water  which  is  to  be  undercooled. 

The  projection  is  especially  beautiful  when  the  vessel  is  placed 
between  two  crossed  nicols  (the  photographs  of  Figs.  1--3  are  taken 
in  this  way  ;  magnification  3x1).  A  star  on  a  dark  ground  grows 
which  gradually  becomes  more  and  more  bright  and  at  last  —  when 
thick  enough  (the  thickness  is  generally  of  the  order  of  a  tenth  of 
a  millimeter)  —  shows  the  colors  of  chromatic  polarization.  One 
can  prove  that  these  crystals  are  optically  uniaxial ;  if  the  tube  is 
turned  so  that  the  plane  of  a  star  is  at  right  angles  to  the  rays  of 
polarized  light  the  image  of  the  star  disappears. 

Precise  measurements  of  these  crystals  will  be  made  in  winter 
when  it  will  be  possible  to  prolong  their  fugitive  existence.  The 
size  of  the  stars  depends  —  at  a  sufficient  undercooling,  e,  g,^  of 
—  2°  — principally  on  the  dimensions  of  the  vessel  with  overcooled 
water.  I  often  obtained  single  stars  8-12  cm.  broad. 
St.  Petersburg, 
July,  1908. 
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DISTRIBUTED   CAPACITY   OF   RESISTANCE   COILS. 
By  S.  Lkroy  Brown. 

AN  attempt  has  recently  been  made  to  construct  a  resistance 
coil,  which  would  be  free  from  inductance  and  capacity.^  This 
coil  was  made  of  number  40  Advance  wire,  wound  in  a  bifilar  coil 
on  a  spool  1 2  cm.  in  diameter.  The  wires  were  twisted  together 
and  consecutive  turns  were  S  mm.  apart.  The  twisting  of  the  wires 
prevented  the  introduction  of  inductance  by  winding  the  wires  into 
a  coil.  The  separation  of  consecutive  turns  eliminated  any  measur- 
able capacity  that  might  be  caused  by  the  crowding  of  the  wires  into 
a  compact  coil.  Therefore  the  inductance  and  the  capacity  of  such 
coil  are  reduced  to  the  inductance  and  the  capacity  of  the  two  wires 
lying  side  by  side.  Measurements  which  were  made  with  this  coil 
showed  that  the  preponderance  of  either  inductance  or  capacity  was 
too  small  to  be  measured.  The  capacity  was  increased  by  immers- 
ing the  coil  in  petroleum,  thereby  increasing  the  specific  inductive 
capacity  of  the  medium  between  the  wires,  and  still  no  capacity 
could  be  detected.  The  presumption  that  the  capacity  due  to  the 
adjacent  wires  in  the  bifilar  turns  of  an  ordinary  resistance  coil  is 
only  a  small  fractional  part  of  its  total  capacity  seemed  to  be  jus- 
tified. Therefore  it  was  concluded  that  the  inductance  and  the 
capacity  of  this  so-called  ideal  coil  had  been  effectively  reduced 
below  measurable  quantities. 

At  the  tiaie  when  the  description  of  this  coil  and  its  application 
to  the  investigation  of  the  capacity  of  resistance  coils  appeared,  the 
writer  was  working  on  a  similar  problem.  The  results  which  he  had 
obtained  indicated  that  there  was  an  excess  of  capacity  over  induc- 
tance in  such  a  coil  which  could  be  calculated  and  measured  experi- 
mentally. A  similar  coil  was  immediately  constructed,  and  it  is  the 
purpose  of  this  paper  to  show,  both  by  calculation  and  by  experi- 
ment, that  it  is  not  free  from  capacity. 

The  coil  constructed  by  the  writer  was  made  of  two  number  3  5 

1  A.  H.  Taylor  and  E.  H.  Williams,  Phys.  R£V.,  June,  1908. 
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double  silk-covered  german  silver  wires,  soldered  together  at  one 
end.  These  were  twisted  together  and  wound  on  a  rectangular 
block  II  cm.  by  12  cm.  in  section.  The  length  of  the  bifilar  wind- 
ing was  2,750  cm.,  the  wire  having  a  resistance  of  1,000  ohms. 
The  distance  between  consecutive  turns  was  about  4  mm.  By  the 
aid  of  a  microscope,  the  distance  between  the  wires  in  the  bifilar 
turns  was  determined  to  be  0.021  cm.  In  some  places,  however, 
where  the  pressure  between  the  wires  was  sufficient  to  deform  the 
covering,  the  distance  between  the  centers  of  the  wires  was  probably 
slightly  less  than  0.021  cm. 

The  standard  used  for  comparison  consisted  of  two  straight,  par- 
allel wires,  connected  at  one  end.  The  idea  underlying  this  con- 
struction was  not  to  reduce  either  the  inductance  or  the  capacity 
below  measurable  quantities,  but  to  place  the  wires  at  such  a  dis- 
tance apart  that  the  inductance  may  just  balance  the  capacity,  when 
an  alternating  electromotive  force  is  applied  at  the  terminals.  The 
correct  distance  between  the  wires  was  determined  by  calculation 
and  verified  by  experiment.  The  results  obtained  in  verifying  this 
standard  showed  that  the  distance  between  the  wires  could  be  so 
chosen  that  the  error  may  be  less  than  5  micromicrofarads.  That 
is,  neither  the  excess  of  capacity  over  inductance  nor  the  excess  of 
inductance  over  capacity  would  amount  to  more  than  5  micromicro- 
farads of  capacity  in  parallel  with  the  standard. 

Comparison  of  the  coil  with  the  standard  was  made  by  means  of 
a  Wheatstone  network  of  resistances,  using  a  form  of  galvanometer 
described  by  Stroud  *  to  obtain  a  balance  in  the  bridge.  This  galva- 
nometer proved  to  be  very  sensitive.  A  disturbance  in  balance  pro- 
duced by  only  a  few  micromicrofarads  of  capacity  placed  in  parallel 
with  a  thousand  ohm  coil  or  by  a  few  microhenrys  of  inductance  in 
series  with  it  could  be  detected.  A  constant  alternating  electromo- 
tive force  is  necessary  to  obtain  the  accuracy  required  in  these 
measurements.  The  source  of  electromotive  force  used  in  this  work 
was  an  inverted  rotary  converter,  which  was  run  by  a  storage  bat- 
tery.    The  frequency  used  was  40  cycles  per  second. 

Measurements  with  the  rectangular  coil  described  above,  showed 
a  considerable  excess  of  capacity  over  inductance.     When  the  coil 

1  Stroud,  Phil.  Mag.,  VI.,  1903. 
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was  in  air,  420  micromicrofarads  of  capacity  were  added  in  parallel 
with  the  standard  to  obtain  a  balance.  The  coil  was  immersed  in 
petroleum  and  685  micromicrofarads  of  capacity  were  required  in  par- 
allel with  the  standard  to  effect  a  balance.  After  removing  the  coil 
from  the  petroleum  bath,  but  with  the  covering  on  the  wires  still 
moistened  with  oil,  the  capacity  measured  585  micromicrofarads. 
This  value  is  between  the  values  obtained  when  the  coil  was  in  air 
and  when  it  was  in  oil.  The  capacities  which  were  added  to  obtain 
a  balance  between  the  coil  and  the  parallel  wire  standard  were  made 
of  rectangular  sheets  of  tinfoil,  separated  by  a  plate  of  glass.  The 
capacities  could  thus  be  determined  approximately  by  calculation. 

Assuming  unit  specific  inductive  capacity  of  the  dielectric  between 
the  wires  and  that  the  distance  between  centers  is  0.021  cm.,  the 
excess  of  capacity  over  inductance  is  355  micromicrofarads,  by  cal- 
culation. If  petroleum  is  assumed  as  the  dielectric,  the  excess  of 
capacity  is  about  800  micromicrofarads.  This  value  is  to  be  com- 
pared with  the  value  685  micromicrofarads  obtained  experimentally. 
It  is  to  be  expected  that  these  values  would  differ,  since  the  medium 
between  the  wires  was  not  entirely  composed  of  petroleum.  The 
experimental  value  of  685  micromicrofarads  was  obtained  with  a 
dielectric  of  petroleum  and  silk  and  the  value  420  micromicrofarads 
with  a  dielectric  of  air  and  silk.  The  discrepancy  between  calculated 
and  experimental  values  may  thus  be  accounted  for. 

It  is  the  opinion  of  the  writer  that  a  comparison  coil,  made  as 
described  by  twisting  the  wires  together,  is  not  sufficiently  accurate 
when  the  magnitude  of  the  capacity  to  be  measured  is  only  a  few 
hundred  micromicrofarads.  It  is  to  be  noted,  however,  that  the 
capacity  of  the  1,000-ohm  coil,  made  of  number  40  wire,  is  smaller 
than  the  value  given  above  for  a  coil  of  number  35  wire,  since  the 
length  of  the  wire  in  the  former  is  less.  The  exact  distances  be- 
tween the  wires,  as  well  as  the  lengths  of  the  wires  in  the  two  coils, 
must  be  known  in  order  to  compare  their  capacities  numerically,  but 
it  is  evident  that  the  capacity  of  neither  is  negligible  when  such 
small  capacities  are  measured. 

The  capacities  of  the  1,000-  and  2,000-ohm  coils  of  resistance 
box  number  3,187,  made  by  Otto  Wolff,  of  Berlin,  were  measured 
by  comparison  with  the  parallel  wire  standard.     The  coils  are  made 
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of  rather  large  wire,  wound  on  brass  cores  and  heavily  coated  with 
shellac.  The  i  ,000-ohm  coil  showed  a  capacity  of  about  750  micro- 
microfarads,  and  the  2,ocx)-ohm  coil  about  1,140  micromicrofarads. 
These  values  are  seen  to  be  higher  than  those  found  by  A.  H.  Tay- 
lor and  E.  H.  Williams  *  for  similarly  described  coils.  They  found 
549.4  to  bean  average  value  for  the  1,000-ohm  coils  of  Wolff 
boxes  numbered  2,894,  2,896,  2,897,  2,898,  2,899,  2,900  and 
2,615;  ^^^  621  micromicrofarads  to  be  an  average  value  for  the 
2,000-ohm  coils  of  Wolff  boxes  numbered  2,615  and  2,897. 

A  complete  description  of  the  parallel  wire  standard  and  the  gal- 
vanometer used  in  this  experiment,  together  with  their  application 
to  the  measurement  of  the  distributed  capacity  of  resistance  coils 
will  be  given  in  a  future  paper. 

University  of  California, 
September,  1908. 

»Phys.  Rkv.,  June,  1908,  p.  417. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Forty-Third  Meeting. 

THE  fall  meeting  of  the  Physical  Society  was  held  at  Columbia  Uni- 
versity, New  York  City,  on  Saturday,  October  24,  1908,  with 
President  Edw.  L.  Nichols  in  the  chair. 
The  following  papers  were  presented : 

1.  Note  on  Spherical  Aberration.     W.  S.  FRANfcLiN. 

2.  New  Photometric  Methods  of  Studying  the  Radiating  Properties  of 
Various  Substances.     Edward  P.  Hyde. 

3.  Sparking  Potentiab  in  a  Very  High  Vacuum.     R.  A.  Millikan. 

4.  Non-Newtonian  Mechanics.     Gilbert  N.  Lewis. 

5.  The  Definition  of  a  Perfect  Gas.     A.  G.  Webster  and  M.  A. 

ROSANOFF. 

6.  The  Specific  Heats  of  Gases  and  the  Partition  of  Energy.     [By 
title.]     W.  P.  BoYNTON. 

7.  The  Distribution  of  Sound  from  the  Megaphone.     A.  G.  Webster. 

8.  The  Reflection  of  Sound  by  the  Ground.     A.  G.  Webster. 
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The  Specific  Heats  of  Gases  and  the  Partition  of  Energy.^ 

By  W.  p.  Boynton. 

THE  underlying  idea  of  the  kinetic  theory  of  gases  is  that  heat  energy 
is  different  from  other  manifestations  of  mechanical  energy  only 
in  that  it  is  associated  with  portions  of  matter  too  small  for  direct  experi- 
^  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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mental  observation.  In  accordance  with  this  idea  the  energy,  commonly 
called  the  heat,  which  raises  the  temperature  of  any  substance  may  con- 
tribute to  its  kinetic  energy  or  to  its  potential  energy  or  may  do  external 
work ;  the  external  work  is  recognized  in  the  case  of  a  gas  as  constituting 
the  difference  between  its  specific  heats  at  constant  volume  and  at  con- 
stant pressure.  The  kinetic  energy  is  usually  classified  as  either  transla- 
tional,  rotational  or  vibrational ;  and  as  a  first  approximation  the  kinetic 
theory  of  gases  assumes  that  all  the  molecular  energy  is  that  associated 
with  translation.  The  further  assumptions  of  Avogadro's  law  and  of 
Maxwell's  doctrine  that  temperature  equilibrium  corresponds  to  equality 
in  the  mean  kinetic  energy  of  translation  of  the  molecules  results  in  the 
view  that  the  heat  capacities  of  different  gases  per  gram -molecule  should 
be  the  same,  a  view  which  is  partially  substantiated  by  the  facts. 

The  work  of  Dulong  and  Petit  showing  the  near -constancy  of  the 
atomic  heats  of  elements  in  the  solid  form  has  led  to  the  attempt  to  find  a 
similar  law  among  gases,  which  do  indeed  fall  into  certain  well-defined 
groups  when  so  studied ;  extensive  tabulations  are  given  for  instance  in 
Winkelmann's  Handbuch  der  Physik.* 

The  fundamental  principles  just  mentioned  may  be  used  to  secure 
results  more  consistent  than  those  commonly  quoted,  and  apparently 
more  rational.  As  has  been  stated,  it  seems  probable  on  theoretical 
grounds  that  temperature  corresponds  to  the  mean  molecular  kinetic 
energy  of  translation  ;  but  the  heat-capacity  of  a  gas  at  constant  volume 
evidently  involves  also  the  energy  capacities  associated  with  the  rota- 
tions and  vibrations  of  the  molecules,  and  with  their  internal  potential 
energies.  The  last  cannot  be  prophecied,  but  are  sometimes  negligible ; 
Jeans  has  shown  that  the  vibrational  energy  is  associated  with  radiation, 
and  that  this  portion  of  the  energy  may  be  small  at  ordinary  temperatures. 
The  equilibrium  between  evaporation  and  condensation  which  gives  rise 
to  the  definite  saturation  densities  and  pressures  of  vapors  suggests  an 
analogous  equilibrium  in  the  mutual  transfer  of  energy  between  the  trans- 
lational  and  rotational  phases,  with  a  corresponding  definite  ratio  be- 
tween the  amounts  of  energy  associated  with  these  phases.  One  attempt 
to  give  numerical  values  of  this  ratio  based  upon  theoretical  considera- 
tions is  the  Maxwell-Boltzmann  doctrine  of  the  cquipartition  of  energy 
between  the  different  "  degrees  of  freedom  ' '  of  the  molecules ;  according 
to  this  law  the  energy  of  a  monatomic  gas  should  be  entirely  transla- 
tional,  while  in  the  case  of  a  diatomic  gas  3/5,  in  a  gas  made  up  of  rigid 
polyatomic  molecules  3/6,  in  one  of  the  loosely  hinged  triatomic  mole- 
cules 3/7,  and  in  the  case  of  more  complex  loosely  hung  molecules  a  still 
smaller  fraction  of  the  energy  should  be  translational.  These  figures  lead 
to  the  classical  values  of  the  ratio  of  the  two  specific  heats,  if,  if;i|» 

» 1st  cd.,  II.,  2,  pp.  387-393  ;  2d  ed.,  III.,  pp.  225-237. 
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i^,  etc.  In  a  previous  paper  ^  I  have  shown  that  such  properties  as 
are  taken  into  account  in  an  equation  of  state,  like  that  of  van  der  Waals, 
will  explain  small  variations  in  either  direction  from  these  simple  values  ; 
but  the  consumption  of  energy  in  vibrational  motion  or  in  potential 
energy  will  reduce  the  fraction  of  the  total  energy  which  is  translational, 
and  also  the  value  of  the  ratio  of  the  two  specific  heats.  On  the  other 
hand,  the  ratio  of  the  two  specific  heats  gives  us  a  means  of  computing 
the  ratio  of  translational  to  total  energy,  for  if  ZTbe  the  total  and  -^  the 
translational  energy  then 


and 


C,  ^2K 


In  the  following  tabulations  data  are  taken,  with  the  exception  of 
argon,  from  Winkelmann.*  I  have  not  been  able  to  secure  figures  on 
the  specific  heats  of  other  monatomic  gases,  or  of  gases  with  triangular 
or  other  rigid  structure.  Magie '  in  a  discussion  somewhat  related  to  this 
gives  the  value  .9886  for  the  molecular  energy-capacity  in  calories  per 
degree  C.  per  degree  of  freedom,  which  leads  to  the  value  2.9658  for 
the  translational  part  of  the  molecular  heat ;  this  is  figured  not  from 
thermal  data,  but  from  the  **  mean  square  "  velocity  for  hydrogen.  The 
gases  are  grouped  in  four  tables  according  to  their  complexity.  The 
columns  give  (i)  the  name,  (2)  formula,  (3)  molecular  weight,  (4) 
ratio  of  specific  heats,  (5)  specific  heat  at  constant  volume,  (6)  '*  molec- 
ular" heat  found  by  multiplying  (3)  and  (5),  (7)  the  "atomic**  heat 
found  by  dividing  (6)  by  the  number  of  atoms  in  the  molecule,  (8)  the 
ratio  A'/ZT  derived  from  the  ratio  of  the  specific  heats,  (9)  the  "transla- 
tional "  energy  capacity,  found  by  multiplying  (6)  and  (8). 


Table  I. 

MONATOMIC  GASES. 
Computed  Values,  y  =  1.667.     C>i  =  2.9658. 


I 
Name. 

a 
Formulm. 

M.Wt. 

4 
1 

I 

.0147 
.07405 

6 

Mercury. 
Argon. 

Hg 
A 

200 
39.9 

1.666 
1.667 

2.94 
2.96 

»Phy. 
»Loc 
»Scici 

5.  Rev.,  XII., 

cit. 

ace,  XXIII.,  I 

pp.  353-358. 
>p.  161-178,  I 

[901. 
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Table  II. 

DIATOMIC  GASES. 

Computed  values^  y  =  1.4,  C^m  — 

:  4.943. 

I 
Nam«. 

% 
Formnla. 

M.Wt. 

4 

y 

I 

6 

At  lit. 

8 

K]H 

9 

Air. 

28.86 

1.405 

.172 

4.96 

2.48 

.607 

3.01 

Oxygen. 

o, 

32 

1.405 

.1544 

4.95 

2.47 

.607 

3.00 

Nitrogen. 

N. 

28 

1.405 

.1735 

4.86 

2.43 

.607 

2.95 

Hydrogen. 

H. 

2 

1.405 

2.4263 

4.85 

2.43 

.607 

2.94 

Carbon  monoxide. 

CO 

28 

1.403 

.1746 

4.89 

2.44 

.604 

2.95 

Nitric  oxide. 

NO 

30 

1.394 

.1662 

4.99 

2.49 

.591 

2.95 

Hydrochloric  acid. 

HQ 

36.5 

1J94 

.1392 

5.08 

2.54 

.591 

3.01 

Hydrobromic  acid. 

HBr 

81 

1.431 

.0573 

4.64 

2.32 

.646 

2.99 

Hydriodic  acid. 

HI 

128 

1.397 

.0394 

5.04 

2.52 

.595 

3.00 

Chlorine. 

CI, 

71 

1.323 

.0873 

6.20 

3.10 

.484 

3.00 

Bromine. 

Br. 

160 

1.292 

.0428 

6.84 

3.42 

.438 

3.00 

Iodine. 

I. 

254 

1.307 

.057 

6.52 

3.26 

.460 

3.00 

CU 

162.5 

1J17 

.0389 

6.32 

3.16 

.475 

3.00 

Brl 

207 

1.33 

.029 

6.14 

3.07 

.495 

3.04 

Table  III. 

TRIATOMIC  gases. 
Computed  values,  y  =  1.2857,  C^  =  6.9202. 


I 
Name. 

a 
Formula. 

M.^t. 

4 

y 

I 

6 

Atllt. 

8 

9 

Nitrous  oxide. 

N,0 

44 

1.311 

.1513 

6.66 

2.22 

.466 

3.11 

Carbon  dioxide. 

CO, 

44 

1.311 

.1486 

6.54 

2.18 

.466 

3.05 

Hydn^en  sulphide. 

H,S 

34 

1.258 

.1933 

6.57 

2.19 

.387 

2.54 

Water. 

H,0 

18 

1.306 

.3637 

6.56 

2.19 

.459 

3.01 

Sulphur  dioxide. 

SO, 

64 

1.248 

.1237 

7.92 

2.64 

.372 

2.95 

Carbon  disulphide. 

cs. 

76 

L200 

.1312 

9.97 

3.32 

.300 

2.99 

Conclusions. 

The  following  statements  are  offered,  based  largely  upon  the  facts  here 
presented. 

I.  The  ordinary  statement  of  the  doctrine  of  equipartition  assumes 
that  all  the  energy  received  is  stored  as  kinetic  energy  and  that  all  the 
collisions  are  such  as  to  lead  to  a  state  of  equilibrium  between  the  dif- 
ferent "degrees  of  freedom*'  or  "momentoids."  In  a  few  cases  of 
simple  "permanent"  gases  this  fairly  represents  the  facts.  The  non- 
integral  values  found  for  the  number  of  degrees  of  freedom  by  Magie  ^ 

*  Loc.  dt 
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Table  IV. 

POLYATOMIC  GASES. 


I 
Name. 

% 
Formula. 

M.Wt. 

4 
Y 

I 

6 
Cm 

At^t. 

8 

9 

Ammonia. 

NH, 

17 

L317 

.3803 

6.46 

1.62 

.470 

3.04 

Fhosphoros  trichloride. 

PCI, 

137.4 

L122 

.1200 

16.49 

4.12 

.183 

3.02 

Arsenic  trichloride. 

AsQ, 

181.4 

LllO 

.1011 

18.34 

4.59 

.165 

3.03 

Marsh  gas. 

CH^ 

16 

1.319 

.4495 

7.19 

L44 

.478 

3.44 

Chloroform. 

CHCl, 

119.4 

L118 

.1403 

16.81 

3.36 

.177 

2.98 

SiCl, 

169.8 

L097 

.1211 

20.56 

4.11 

.146 

3.00 

TCI^ 

189.8 

1.087 

.1162 

22.05 

4.41 

.131 

2.88 

SnCl^ 

259.8 

1.087 

.0864 

22.45 

4.49 

.131 

2.93 

Methyl  Alcohol. 

CH,0 

32 

L159 

.3950 

12.64 

2.11 

.239 

3.00 

Ethyl  alcohol. 

C.H,0 

46 

1.107 

.4078 

18.76 

2.08 

.161 

3.02 

Cyan^thyl. 

C,H,N 

56 

1.093 

.3892 

2L80 

2.18 

.140 

3.04 

Brom-ethyl. 

CjHjBr 

109 

L113 

.1631 

17.78 

2.29 

.170 

3.02 

Ethyl  sulphide. 

C.HjoS 

90 

L058 

3785 

34.04 

2.27 

.087 

2.97 

Ether. 

C4H10O 

74 

1.060 

.4540 

33.59 

2.24 

.090 

3.02 

Acetic  ether. 

C.HsO, 

88 

1.060 

.3781 

33.27 

2.37 

.090 

2.99 

Aceton. 

C,H,0 

58 

L090 

.3783 

2L94 

2.19 

.135 

2.96 

Ethylene. 

C.H, 

28 

L245 

.2702 

7.57 

L26 

.367 

2.72 

Ethylene  chloride. 

C,H,C1. 

98.9 

L109 

.2093 

20.44 

2.55 

.164 

3.35 

Benzol. 

C,H, 

78 

1.073 

.3467 

27.17 

2.26 

.110 

2.98 

Turpentine. 

CipHj, 

136 

1.030 

.4914 

66.83 

2.57 

.045 

3.01 

and  others  is  to  be  accounted  for  by  the  absorption  of  potential  energy, 
or  of  kinetic  energy  of  a  non-equilibrating  type,  e.g.,  vibrational ;  pref- 
erably the  former. 

2.  The  attempt  to  find  "atomic  "  heats  for  gases  is  apparently  a  mis- 
take ;  the  few  gases  which  give  consistent  results  are  either  very  simple, 
those  formerly  classed  as  the  permanent  gases,  or  else  mon-atomic,  and  in 
either  case  give  consistent  results  however  studied.  Column  (7)  shows 
variations  too  large  to  be  explained  as  experimental  error. 

3.  Specific  heats  can  be  computed  for  the  simpler  gases  from  purely 
mechanical  data  and  the  simple  ratios  of  degrees  of  freedom  with  consid- 
erable accuracy ;  for  instance,  nitrogen  is  diatomic  and  has  the  molecular 
weight  28.  Taking  from  Table  II.  the  computed  value  C,»i==  4.943, 
(7^894.943/28=  .1764,  observed  value  .1735,  *  difference  of  about  2 
per  cent. 

4.  The  numbers  in  the  last  column,  (6)  for  monatomic,  (9)  for  poly- 
atomic gases,  show  a  uniformity  which  is  gratifying  though  not  sur- 
prising. Out  of  forty  gases  and  vapors  only  four  show  considerable  vari- 
ations, and  of  the  remainder  only  one  shows  a  variation  exceeding  3  per 
cent.  This  ought  in  many  cases  to  be  well  within  the  experimental  error. 
It  is  notable  that  the  results  are  equally  consistent  for  simple  gases,  for 
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those  with  complex  molecules  which  have  seemed  hitherto  to  defy 
prophecy,  and  for  the  halogens  whose  abnormal  specific  heats  are  ex- 
plained by  Magie  as  due  to  **  internal "  degrees  of  freedom  and  by  others 
as  due  to  an  absorption  of  potential  (latent)  energy  due  to  approaching 
dissociation. 

A  reversal  of  the  process  we  have  employed  enables  us  to  compute  the 
specific  heats  of  any  gas  from  a  knowledge  of  its  molecular  weight  and  the 
ratio  of  the  two  specific  heats.  A  few  results  are  given  for  familiar 
substances. 

Table  V. 

Computed  Specific  Heats, 


Substance. 

C,  Comptttad. 

Cm  Obtorred. 

Difference. 

Per  Cent. 

Nitrogen. 

Water. 

Carbon  disulphide. 

Ethyl  alcohol. 

.1744 
.3589 
.1298 
.4000 

.1735 
.3637 
.1312 
.4078 

.0009 
.0048 
.0014 
.0078 

.5 
1.3 

1 
2 

The  conclusions  here  reached  seem  perfectly  obvious,  as  they  are  in- 
volved in  the  constancy  of  the  difference  between  the  molecular  heats  at 
constant  pressure  and  volume,  a  fact  long  recognized,  but  the  prevalence 
of  the  presentation  of  atomic  heats  in  standard  texts  has  seemed  to  justify 
this  discussion  which  has  been  intended  to  emphasize  what  the  writer 
believes  to  be  a  more  rational  point  of  view. 
University  of  Oregon, 
April  25,  1908. 

A  Study  of  Electric  Wave  Vibrators  and  Receivers.^ 
By  Harold  W.  Webb. 

THIS  study  was  undertaken  to  determine  the  dimensions  and  condi- 
tions for  electric-wave  vibrators  and  receivers  corresponding  to  any 
given  wave-length.  The  investigation  was  based  on  wave-length  measure- 
ments by  the  Boltzmann  two-mirror  method.  As  the  determination  of 
the  resonance  length  of  a  receiver  by  tuning  was  found  unreliable,  a  non- 
selective receiver,  consisting  of  a  Klemencic  receiver  of  ten  or  more  times 
the  length  for  resonance,  was  used  in  place  of  the  usual  tuned  receiver. 
Considerable  difficulty  was  experienced  because  of  the  disturbing  action 
of  the  collecting  mirrors  behind  the  vibrator  and  the  receiver,  but  this 
was  eliminated  by  averaging  the  results  for  a  number  of  different 
vibrators. 

^  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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A  vibrator  of  cylindrical  fonn  was  studied  and  it  was  found  that  if  the 
relative  dimensions  were  maintained  constant  the  wave-length  emitted 
was  directly  proportional  to  the  dimensions.  With  the  relative  dimen- 
sions: length  =  8  x  diameter  =  16/3  X  length  of  supporting  dielectric 
at  the  center,  the  wave-length  was  2.4  times  the  length  of  the  vibrator. 
Starting  with  this  vibrator  as  a  standard  the  effect  of  varying  the  condi- 
tions was  determined.  The  length  of  the  dielectric,  and  the  ratio  of  the 
diameter  to  the  length  were  found  to  influence  the  wave-length. 

A  modified  form  of  Righi  vibrator  was  studied  in  a  similar  way. 

The  receivers  in  resonance  with  given  wave-lengths  were  investigated. 
For  this  purpose  a  standard  form  with  constant  relative  dimensions  was 
selected.  Wave-length  measurements  were  substituted  for  the  usual 
tuning  curves  in  this  study,  as  they  were  found  much  more  satisfactory. 
The  length  of  receiver  giving  a  wave-length  equal  to  the  wave-length  de- 
termined by  the  non-selective  receiver  was  taken  as  the  resonating  length. 
The  effect  on  this  length  of  varying  the  conditions  was  studied.  The 
width  and  thickness  of  the  flat  antennae  used,  the  length  of  the  supporting 
dielectric  at  the  center,  and  the  length  of  the  constriction  at  the  thermo- 
junction,  were  found  to  be  important  factors. 

The  limiting  value  of  the  ratio  between  the  length  of  the  vibrator  and 
the  emitted  wave-length  as  the  diameter  approached  zero  was  2. 24.  With 
a  receiver  of  very  small  diameter  the  value  2.22  was  determined  as  the 
relation  between  the  length  of  receiver  and  the  corresponding  wave- 
length. 

New  Photometric  Methods  of  Studying  the  Radiating 

Properties  of  Various  Substances.* 

By  Edward  P.  Hyde. 

THE  recent  development  of  high  efficiency  metallic  filament  lamps 
has  aroused  new  interest  in  the  measurement  of  the  high  tempera- 
tures of  glowing  metals,  and  has  raised  the  question  as  to  whether  the 
high  efficiencies  are  due  primarily  to  the  high  temperatures  at  which  the 
filaments  operate,  or  to  a  selective  radiation,  where  by  selective  radiation 
is  meant  that  the  distribution  of  the  energy  in  the  spectrum  of  the  radiat- 
ing body  at  a  given  temperature  is  different  from  that  of  a  black  body  at 
the  same  temperature. 

A  recent  photometric  study  of  the  relative  properties  of  the  newer 
metal,  and  the  older  carbon  filament  lamps  has  led  to  the  establishment 
of  two  new  photometric  methods  by  which  a  positive  qualitative  criterion 
may  be  had  of  relative  selectivity  of  two  radiating  filaments.     According 

^  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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to  the  first  method  if  one  filament  is  maintained  at  some  definite  voltage 
or  current  (/.  €,<,  at  some  definite  temperature)  and  the  voltage  of  a  sec- 
ond  filament  is  changed  until  the  distribution  of  energy  in  the  visible 
spectra  of  the  two  as  determined  by  a  spectrophotometer  is  the  same, 
then  if  the  two  filaments  had  identical  radiating  properties  the  energy 
curves  of  the  two  would  be  identical  throughout  the  entire  spectrum,  and 
the  temperatures  of  the  two  filaments  would  probably  be  the  same.  If 
this  were  the  case,  the  ratio  of  the  energy  in  the  vbible  spectrum  to  the 
total  energy  radiated  would  be  the  sane  for  the  two  filaments.  Now  the 
energy  radiated  in  the  visible  spectrum  can  be  measured  by  determining 
the  mean  spherical  candle-power,  and  the  total  energy  radiated  can  be 
determined  by  measuring  the  energy  input,  since  there  is  no  convection 
and  very  little  conduction. 

If  the  radiating  properties  of  the  two  filaments  were  identical,  the 
watts  per  mean  spherical  candle  under  the  above  conditions  would  be  the 
same  for  the  two  filaments.  Conversely  if  under  the  above  conditions 
the  watts  per  mean  spherical  candle  are  different,  one  of  the  filaments 
must  be  radiating  selectively  with  respect  to  the  other. 

According  to  the  second  method  the  two  filaments  are  brought  to  the 
same  distribution  of  energy  in  the  visible  spectrum  in  the  same  way  as 
that  employed  in  the  first  method.  If,  now,  a  determination  is  made  of 
the  percentage  change  in  candle-power  corresponding  to  one  per  cent, 
change  in  energy  supplied  to  the  lamp  for  each  filament,  these  two  coeffi- 
cients of  change  of  candle-power  corresponding  to  one  per  cent,  change 
in  energy  would  be  the  same  if  the  radiating  properties  of  the  two  fila- 
ments were  identical.  Conversely  if  the  two  coefficients  are  different 
one  filament  must  be  radiating  selectively  with  respect  to  the  other. 

In  the  actual  use  of  these  two  methods  the  determination  of  the  agree- 
ment in  the  visible  spectrum  of  the  energy  curves  of  the  two  filaments  has 
been  made,  not  with  a  spectrophotometer  as  described  above,  but  by 
means  of  a  color  match  in  an  ordinary  Lummer-Brodhun  contrast  pho- 
tometer. If  one  lamp  is  maintained  at  some  definite  voltage  and  the 
voltage  of  a  second  lamp  is  changed  until  the  color  of  the  light  radiated 
by  the  two  lamps  is  the  same,  as  observed  in  the  photometer,  it  has  been 
found  that  the  spectrophotometric  curves  of  the  two  filaments  agree  ex- 
cellently. The  color-match  method  is  simpler  and  perhaps  even  more 
exact  than  the  spectrophotometric  method,  provided  there  is  no  strong 
selectivity  within  the  visible  spectrum. 

By  the  use  of  the  above  two  methods  interesting  results  have  been 
obtained  on  the  radiating  properties  of  various  filaments. 


Digitized  by 


Google 


No.  6.]  THE  AMERICAN  PHYSICAL  SOCIETY.  523 

The  Electromagnetic  Momentum  of  a  General  Electric 

System.^ 
By  Daniel  F.  Comstock. 

AT  the  present  stage  in  the  development  of  physics  when  we  have  so 
much  reason  to  believe  that  the  atoms  are  electric  systems,  while 
we  have  almost  no  knowledge  as  to  the  particular  structure  of  these  sys- 
tems, it  becomes  of  great  interest  to  know  if  there  are  any  results  which 
can  be  obtained  from  general  electric  theory  without  any  special  assump- 
tions as  to  special  structure. 

The  author  has  shown  before  that  within  certain  limitations  the  electro- 
magnetic mass  of  a  system  may  be  expressed  as  a  function  of  its  total  con- 
tained energy. 

The  following  is  an  outline  of  a  chain  of  reasoning  which  assumes  noth- 
ing but  the  equations  of  the  Maxwell -Lorentz  theory  and  gives  as  a  result 
an  expression  which  applies  to  any  electromagnetic  system.  The  chief 
difficulty  in  the  general  problem  is  that  the  "velocity  of  the  whole  sys- 
tem "  Yi3&  a  priori  no  definite  mathematical  meaning,  inasmuch  as  an 
electromagnetic  S3rstem  cannot  be  said  to  have  a  center  of  gravity  in  the 
simple  mechanical  sense.  The  expression  obtained  below  shows  clearly 
what  must  be  taken  as  the  velocity  of  the  system  if  the  result  is  to  have 
simple  meaning. 

For  brevity  I  use  vector  notation,  the  operation  symbols  used  being 
those  of  Abraham  and  FSppl's  *'  Theorie  der  Elektrizitat. " 
The  following  symbols  for  the  various  quantities  are  used  : 
W=>  density  of  total  electromagnetic  energy. 
E  «  electric  force  intensity. 
j^=  magnetic  force  intensity. 
C  =  velocity  of  light. 
S  =  Poynting  vector. 

M^=  density  of  electromagnetic  momentum. 
v^  ss  velocity  of  the  axes  through  space.     (The  axes  are  to  move  so 

as  to  remain  parallel  to  themselves. ) 
V  =  velocity  of  the  electric  charge  through  space. 
v^  =  velocity  with  respect  to  the  moving  axes. 

JPss  total  electromagnetic  force  on  unit  charge. 

a  =  density  of  electricity  in  electrostatic  imits. 
d/dt  =  time  rate  of  change  with  respect  to  axes  fixed  in  space. 
d/dt  =  time  rate  of  change  with  respect  to  the  moving  axes. 
Now  from  the  conservation  of  energy 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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-nr-  =  —  div.  S  —  CvJ^)iT 

»  _  div.  5*  -  C(^fiF)<r  -  (v^F)ff.  (i) 

Also  from  the  momentum  principle  (see  Abraham,  II.,  p.  25) 


where 


•        ^x  ^  dy  ^  ds        dt  ^  ' 


'  (^.'  -  e;  -  e;  +  H^  -  h;  -  h;), 


'       8>r 
^.-^(^A+'^A)'  (3) 

There  are  also  of  course  two  other  equations  for  the  y  and  z  com- 
ponents of  K 

Making  no  further  assumptions,  except  that  the  system  is  isolated,  we 
can  obtain  the  result 

and  similar  equations  for  x  and  y. 

If  the  left-hand  side  of  (4)  is  zero  then  the  component  of  the  total 
momentum  in  the  direction  of  (/5)  is  seen  to  be  (since  M^  ij^izc^EH'] 

Since  the  expression  in  the  integral  is  obviously  the  part  of  the  total 
energy  which  is  represented  by  the  components  of  the  electric  and  mag- 
netic forces  at  right  angles  to  the  direction  of  motion,  we  have  the  same 
expression  for  the  momentum  as  was  obtained  in  a  previous  paper.  ^ 

The  condition  for  this  to  be  true  is  that  the  integral  on  the  left  of  (4) 
vanishes  as  well  as  the  similar  x  ^Xidy  integrals.  A  consideration  of  this 
integral  will  show  that  it  represents  a  certain  energy  flow  through  the  sys^ 
tern  together  with  a  momentum  flow.  The  moving  axes  can  be  taken  so 
that  the  internal  momentum  flow,  /'.  e. ,  transfer  of  momentum  through  the 
system  is  zero.  If  the  energy  flow  integral  is  then  zero  the  above  result 
(5)  is  true. 

iPhil.  Mag.,  Jan.,  1908. 


Digitized  by 


Google 


No.  6.]  THE  AMERICAN  PHYSICAL  SOCIETY,  525 

Systems  which  satisfy  this  energy  flow  condition  have  a  certain  kind 
of  symmetry,  which  closer  analysis  can  easily  make  clear. 

For  systems  which  have  average  symmetry  about  a  point  the  '*  trans- 
verse energy ' '  is  equal  to  two  thirds  of  the  total  energy  and  the  mo- 
mentum is  then  proportional  to  the  total  energy. 
Massachusetts  Institute  of  Technology, 
Boston,  Mass. 

Non-Newtonian  Mechanics.^ 

By  Gilbert  N.  Lewis. 

TWO  fundamental  laws  are  assumed,  the  law  of  the  conservation  of 
momentum,  and  the  law  of  conservation  of  mass.  The  mass  which 
is  associated  with  a  given  momentum  is  defined  as  equal  to  the  momentum 
divided  by  the  velocity  of  its  propagation.  The  momentum  {M)  of  a 
beam  of  light  is  known  to  be  equal  to  the  energy  (i?)  of  the  beam,  di- 
vided by  the  velocity  of  light  (^).  Hence  by  definition  the  mass  (jn) 
of  a  beam  of  light  is  Ej  V^.  Thus  a  body  radiating  energy  loses  mass  in 
proportion.  Now  the  fundamental  assumptions  require  further  that  if  a 
body  loses  energy  in  any  other  way  than  by  radiation,  it  still  must  lose 
mass  in  the  same  proportion.  The  mass  of  a  body  is  therefore  a  linear 
function  of  its  total  energy,  according  to  the  equation  dm  =  dE/  V^, 

If  the  mass  of  a  body  is  a  function  of  its  energy,  the  mass  of  a  body 
which  is  in  motion  and  thus  possesses  kinetic  energy  is  not  the  same  as  the 
mass  at  rest.  One  of  the  fundamental  axioms  of  Newton  is  that  the  mass 
of  a  body  is  independent  of  its  velocity.  This  axiom  must  now  be 
abandoned  and  thus  a  more  general  or  non -Newtonian  mechanics  is  de- 
veloped, which  includes  ordinary  mechanics  as  a  special  type,  valid  only 
for  small  velocities. 

The  mass  of  a  body  is  given  as  a  function  of  its  velocity  by  the  equation 


m : 


where  m  is  the  mass  at  rest  and  /9  is  the  ratio  of  the  velocity  to  the  velocity 
of  light.  This  formula  agrees  with  the  experiments  of  ELaufmann  on  the 
mass  of  an  electron,  and  is  identical  with  the  equation  developed  by 
Lorentz  for  the  electromagnetic  mass  from  the  electromagnetic  theory. 
The  new  equation  for  kinetic  energy  is 

^=»ir'[i-(i-/9«)i]. 

Thus  the  kinetic  energy  varies  between  Jwiz;*  at  small  velocities  and 
tm^  at  the  velocity  of  light.     A  moving  body  subject  to  a  force  (/) 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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along  the  line  of  motion  changes  both  in  velocity  and  mass.  The  equa- 
tions are 

The  longitudinal  and  lateral  acceleration  of  a  moving  body  under  the 
influence  of  the  same  force  has  a  ratio  of  i  ^  ^'.  In  a  similar  way  all 
the  equations  of  non-Newtonian  mechanics  may  be  derived  from  those 
which  have  been  given. 


Thermometric  Lag  in  Calorimetry.^ 

By  Walter  P.  White. 

JAEGER  and  von  Steinwehr  have  shown  that  in  calorimetry  by  the 
I  method  of  mixtures,  as  usually  conducted,  an  error  very  appreciable  in 
refined  work  may  arise  through  the  lag  of  the  thermometer.  Richards, 
Henderson  and  Forbes  have  independently  devised  an  elaborate  calori- 
metric  method  (keeping  the  jacket  temperature  equal  to  that  of  the 
calorimeter)  a  main  object  of  which  is  to  avoid  this  error.  Jaeger  and 
von  Steinwehr,  however,  maintain  that  the  same  result  is  far  more  easily 
reached  by  the  simple  correction  which  they  give.  This  correction  in 
its  turn  appears  to  require  some  modification ;  as  given,  it  may  often 
actually  increase  the  error. 

Jaeger  and  von  Steinwehr' s  correction  may  be  simply  found  as  follows : 
If  the  thermometer  lags  L  seconds  behind  the  true  temperature  of  the 
calorimeter,  then  that  true  temperature  will  equal  the  one  read,  plus  the 
change  of  the  calorimeter  temperature  in  the  time  Z.  This  change  will 
be  different  for  the  initial  and  final  temperatures,  since  the  cooling  rate 
will  not  be  the  ^me  for  each.  The  algebraic  difference  of  the  two 
changes,  which  is  the  correction  itself,  will  therefore  equal  the  time  Z, 
times  the  cooling  constant,  times  the  difference  of  the  initial  and  final 
temperatures,  that  is,  the  temperature  interval  measured.  (Jaeger  and 
von  Steinwehr's  formula  is  U-  ajby  where  U\%  the  interval,  a  the  cooling 
constant  of  the  calorimeter,  by  that  of  the  thermometer.) 

The  error  in  this  formula  appears  at  once  if  the  thermometric  lag  is 
treated  as  primarily  a  time  phenomenon,  which  of  course  it  really  is. 
For  if  all  the  readings  are  equally  affected  by  lag,  the  result  is  the  same 
as  if  they  had  been  taken  without  lag,  but  Z  seconds  earlier.  And  since 
the  exact  instants  at  which  the  readings  are  made  are  not  important  as 
long  as  the  time  inienfals  are  correctly  recorded,  there  is  in  this  case  no 
thermometric  lag  error  at  all.  The  fallacy  in  the  previous  result  enters 
as  follows :  The  initial  and  final  temperatures  are  separated  by  an  interval 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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of  rapid  temperature  change,  whose  position  in  time  affects  the  cooling 
correction,  and  has  the  same  importance  as  that  of  the  initial  or  final 
temperature.  The  ignoring  of  this  interval  in  the  above  demonstration 
really  involves  the  (usually  false)  assumption  that  its  temperatures  are 
not  affected  by  lag  while  the  others  are.  The  formula  should  contain 
instead  of  the  lag  of  one  thermometer  the  difference  of  the  lags  of  the 
one  used  for  the  initial  and  final,  and  that  used  for  the  intermediate 
temperatures.  If  one  of  these  is  an  electric  thermometer  of  negligible 
lag,  and  the  other  a  mercurial  (as  in  Jaeger  and  von  Steinwehr's  work), 
it  is  the  lag  of  the  latter  which  counts ;  if  the  same  thermometer  is  used 
throughout,  the  correction  (barring  second-order  effects)  is  zero,  and 
then,  as  far  as  lag  is  concerned,  Richards,  Henderson  and  Forbes' s 
method  is  unnecessary,  and  Jaeger  and  von  Stein wehr's  erroneous. 

It  follows  that  the  importance  of  lag  in  calorimetric  thermometers  has 
been  greatly  overestimated. 

The  above  reasoning,  while  ordinarily  eliminating  one  lag  correction, 
introduces  another,  hitherto  generally  overlooked,  but  readily  appreciated 
as  soon  as  the  importance  of  lag  during  the  middle  interval  is  seen.  For 
the  loss  of  heat  from  a  calorimeter  depends  on  the  temperature  of  the 
external  surface.  But  when  the  water  is  being  heated  rapidly  by  a  hot 
body  within,  the  external  surface  ordinarily  lags  appreciably  behind  the 
thermometer  which  is  used  to  determine  the  cooling  correction.  The 
resulting  error  is  often  greater  than  that  due  to  simple  thermometric  lag. 
It  is,  moreover,  difficult  to  determine  and  is  of  course  not  avoided  by 
the  method  of  Richards,  Henderson  and  Forbes.  It  is  thus  one  of  the 
most  intractable  of  calorimetric  corrections,  but  like  other  lag  corrections 
it  can  be  eliminated  (in  a  directly  calibrated  calorimeter)  if  the  rate  of 
stirring  and  some  other  factors  are  kept  constant. 

Under  these  conditions  the  lag  in  the  cooling  rate  itself  which  is  sus- 
pected by  Richards,  Henderson  and  Forbes  could  at  the  same  time  be 
eliminated  in  most  cases.  A  need  for  their  method,  however,  might  still 
sometimes  arise ;  if,  for  instance,  the  lag  in  the  cooling  correction  should 
prove  unexpectedly  troublesome,  or  if  there  should  be  an  error  due  to 
the  lag  within  solid  objects  inside  the  calorimeter.  The  necessary  reduc- 
tion in  the  cooling  rate  might  also  be  obtained —  though  at  the  cost  of 
an  increase  in  the  required  thermometric  sensitiveness  —  by  increasing 
the  size  of  the  calorimeter  (and  also,  of  course,  for  reasons  independent 
of  the  question  of  lag,  and  therefore  outside  the  scope  of  the  present 
paper). 

Geophysical  Laboratory, 

Carnegie  Institution  of  Washington, 
September,  25,  1908. 
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A  Second-Order  Force  on  Moving  Molecules.^ 
By  D.  F.  Comstock. 

WHEN  a  molecule  moves  through  a  magnetic  field  an  observer  trav- 
eling with  it  would  notice  an  electric  force.  If  the  molecule  is 
neutral  and  the  magnetic  force  is  uniform  there  is  no  resultant  force  on 
the  molecule,  but  if  the  magnetic  field  is  not  uniform  there  is  a  force 
which  can  be  shown  to  depend  on  the  velocity  and  on  the  derivative  of 
the  magnetic  force.  When  the  velocity  is  taken  in  all  directions,  corre- 
sponding to  a  chaotic  state,  there  is  a  force  still  left,  toward  the  denser 
parts  of  the  field,  which  is  proportional  to  the  square  of  the  velocity. 
This  gives  the  gas  a  fictitious  paramagnetism. 

Experiments  are  being  started  to  detect  this.  The  possible  bearing  on 
the  second  law  of  thermodynamics  in  its  relation  to  kinetic  theory  is 
pointed  out. 

The  Deduction  of  the  Concentration  of  the  Free  Elec- 
trons Inside  a  Metal  from  Phenomena  Conditioned  by 
their  Emission  under  the  Influence  of  Heat.^ 

By  O.  W.  Richardson. 

THE  loss  of  energy  by  a  hot  body  arising  from  the  emission  of  elec- 
trons, which  was  predicted  and  calculated  theoretically  by  the 
author  (Phil.  Trans.,  A,  Vol.  201,  p.  503,  1903),  has  recently  been 
detected  experimentaly  by  Wehnell  and  Jentgsch  (Verb.  Deutsch.  Phys. 
Ges.,  X.  Jahr.,  p.  605,  1908).  The  present  paper  points  out  that  meas- 
urements of  this  quantity,  where  they  can  be  accomplished  with  sufficient 
accuracy,  should  enable  the  deduction  by  the  method  given  by  the  author 
(Camb.  Phil.  Proc,  Vol.  11,  p.  286,  1901),  of  the  number  of  free 
electrons  per  cubic  centimeter  inside  a  metal  from  the  rate  at  which  they 
are  emitted  at  different  temperatures,  to  be  carried  out  in  a  manner  which 
avoids  serious  uncertainties  to  which  the  method  has  hitherto  been  subject. 
Princeton,  N.  J., 
October  23,  1908. 

The  Kinetic  Energy  of  the  Positive  Ions  Emitted  by 
Hot  Platinum.^ 

By  F.  C.  Brown. 

THE  paper  deals  with  investigation  of  the  magnitude  and  the  mode 
of  distribution  of  the  kinetic  energy  of  the  positive  ions  emitted 
by  hot  platinum. 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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The  method  was  the  same  as  that  used  by  Richardson  and  Brown  for 
the  negative  ions.  It  consists  in  measuring  the  rate  of  charging  up  of 
a  plate  opposite  a  parallel  plate  containing  a  strip  of  hot  metal,  both 
plates  being  initially  at  zero  potential.  The  ions  from  the  hot  metal  cause 
the  opposite  plate  to  acquire  a  charge,  the  potential  of  which  tends  to 
stop  further  charging  up.  From  the  rate  at  which  the  current  varies  with 
the  potential  both  the  mean  value  of  the  kinetic  energy  and  the  way  in 
which  it  is  distributed  among  the  different  particles  can  be  determined. 
A  detailed  description  of  the  method  has  been  given  in  the  paper 
referred  to  above. 

It  was  shown  that  where  the  distribution  of  velocity  among  the  ions 
follows  Maxwell's  law  the  current  to  the  plate  being  charged  is  expressed 
by 


n  t  ve 


J^e 


From  the  observations  on  the  rate  of  charging  up  of  the  plate,  curves 
were  drawn  showing  the  current  against  different  potentials  and  the  loga- 
rithm of  the  current  against  different  potentials.  The  above  equation 
was  verified  first  in  that  the  curves  showing  the  logarithm  of  the  current 
plotted  againt  potential  were  almost  perfect  straight  lines  and  secondly  in 
that  the  value  of  J^  calculated  to  be  within  the  limits  of  experimental 
error  the  same  as  the  constant  J^  in  the  gas  equation  p^^J^T.  For  three 
series  of  observations  the  results  are  given  in  the  following  table. 


Series. 

Air  Pressure, 
mm. 

Temperature 
Absolute. 

Largest  Cur- 
rent Amperes. 

R 

R  Prom  Bqua- 
tioii>w=>r. 

I. 

II. 

III. 

28.0 
15.0 
0.009 

1193 
1067 
1293 

2     X 10-" 
1.7  X  10-" 
5    X10-" 

3.9X10* 
3.5X10» 
3.5X10» 

Mean. 

3.6X10» 

3.7  X  10» 

It  follows  that  the  mean  kinetic  energy  of  the  positive  ions  emitted 
from  hot  platinum  is  the  same  as  that  of  a  molecule  of  a  gas  at  the  same 
temperature  and  also  that  the  energy  is  to  a  certain  extent  independent 
of  the  pressure  of  the  surrounding  gas.  The  facts  militate  against  the 
idea  that  the  positive  ions  arise  from  chemical  action,  for  in  that  case  the 
kinetic  energy  would  probably  be  increased  or  diminished  due  to  the  heat 
of  reaction. 

Princeton  Unfversity. 
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NEW   BOOKS. 

Thermodynamics:   An  Introductory   Treatise  dealing  mainly  with 

First  Principles  and  their  Direct  Applications.     By  G.  H.  Bryan. 

Leipzig,  1907,  B.  G.  Teubner.     Price,  7  marks. 

This  very  interesting  book  has  been  developed  from  the  same  author's 
article  in  the  "  Enzyklopadie  der  Mathematischen  Wissenschaften/'  and 
its  fundamental  idea  is  quite  different  from  that  of  most  previous  works 
on  thermodynamics.  It  treats  the  subject  deductively,  after  the  &shion 
of  works  on  analytic  mechanics,  instead  of  working  up  according  to  a 
more  or  less  historical  sequence  as  the  notions  of  thermodynamics  have 
grown  from  experiment.  To  write  a  treatise  of  this  sort  for  thermo- 
dynamics is  very  much  more  difficult  than  for  the  parallel  case  of 
mechanics.  For  it  is  much  harder  to  give,  in  comprehensible  form,  the 
initial  definitions  of  the  quantities  involved  and  to  state  the  two  funda- 
mental principles  clearly,  without  previous  discussion  of  the  experiments 
that  have  led  to  them,  than  it  is  to  state  Newton's  laws  of  motion  or 
whatever  substitute  for  them  is  used  as  the  starting  point  in  djrnamics. 

The  reviewer  has  long  thought  that  thermodynamics  was  the  hardest, 
because  the  most  abstract,  branch  of  ph3rsics  he  ever  studied,  and  after 
reading  the  book  before  him  he  is  quite  sure  of  it.  But  this  remark  is  by 
no  means  meant  in  an  unfriendly  sense.  Such  a  philosophical  review  of 
the  principles  as  one  must  take  in  reading  this  book  is  most  salutary  after 
one  has  gradually  got  some  sort  of  familiarity  with  the  historical  and 
experimental  development  of  the  subject. 

In  order  to  lessen  the  shock  of  the  plunge  into  deductive  thermo- 
dynamics, the  author  has  given  in  Part  I.,  of  only  twenty-six  pages,  a 
very  condensed  elementary  treatment  of  thermodynamics  in  the  old- 
fashioned  inductive  style.  This  is,  naturally,  a  mere  selection  of  points 
that  seem  most  important,  and  others  may  not  think  the  selection  the 
best  possible ;  but  everyone  must  admire  the  Spartan  self-restraint  with 
which  the  author  has  omitted  all  that  seemed  to  him  not  essential  and 
denied  himself  the  pleasure  of  making  all  his  statements  rigorous  and 
complete. 

Part  II.  (chapters  IV.  to  IX.,  pp.  29-96)  constitutes  the  kernel  of  the 
book.  It  is  devoted  to  a  discussion  of  the  two  laws,  the  second  being 
considered  from  the  standpoint  of  the  principle  of  the  degradation  of 
energy,  though  comparison  is  constantly  made  between  this  and  the  more 
usual  methods  of  Clausius  and  Kelvin.     Any  competent  discussion  of 
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entropy  and  the  second  law  is  always  welcome,  and  every  advanced 
student  of  thermodynamics  should  read  this  one. 

Part  III.,  pp.  99-198,  contains,  in  eight  chapters,  examples  of  the 
application  of  the  principles  already  developed  to  various  standard  prob- 
lems in  physics  and  physical  chemistry.  The  distinction  between  the 
deductive  method  and  the  old-fashioned  inductive  method  ceases  when 
the  two  laws  have  once  been  set  forth,  so  that  Part  III.  is  more  like  what 
may  be  found  elsewhere,  though  it  is  not  lacking  in  originality.  Chapter 
X.,  on  radiation,  might  be  improved,  but  it  is  something  to  find  this  most 
interesting  and  important  subject  considered  at  all. 

Any  detailed  review  of  a  book  so  short  that  everyone  interested  can 
afford  to  buy  it  and  find  time  to  read  it  is  unnecessary  and  would  be  of 
use  only  to  the  reviewer.  As  an  attempt  to  treat  thermodynamics  de- 
ductively the  book  is  not  a  perfect  success ;  but  let  anyone  who  thinks  he 
can  do  better  bring  out  his  book  ;  for  a  first  try,  this  one  is  very  excel- 
lent. The  reviewer  advises  all  teachers  of  theoretical  thermodynamics  to 
use  this  book,  perhaps  in  conjunction  with  one  of  the  other  t3rpe,  with  their 
classes,  as  he  intends  to  do  himself  when  the  opportunity  presents  itself. 

Coming  to  matters  of  small  detail ;  the  book  is  on  thin  but  substantial 
paper  and  of  handy  form.  It  is  well  printed  and,  in  view  of  its  having 
been  printed  in  Germany,  it  is  remarkably  free  from  the  typographical 
errors  which  so  often  make  long  tables  of  corrigenda  necessary  for 
German  books.  A  few  cases  of  rather  odd  use  of  words  seem  to  have 
been  due  to  confusion  in  a  German  mind  of  English  words  of  somewhat 
similar  sound  and  not  very  different  meaning,  and  the  author's  use  of 
moods  and  tenses  is  frequently  somewhat  capricious  to  say  the  least. 
However,  such  trifles  do  not  diminish  the  scientific  value  of  the  work  for 
they  never  interfere  with  the  clearness  of  the  thought,  and  the  reviewer 
takes  pleasure,  in  conclusion,  in  heartily  recommending  Professor  Bryan's 
**  Treatise  **  to  all  who  are  interested  in  theoretical  physics. 

Edgar  Buckingham. 
North  Scituate  Beach,  Mass., 
September  9,  1908. 


Digitized  by 


Google 


532 


INDEX  TO    VOLUME  XXVII. 


[Vou  XXVII. 


INDEX  TO  VOLUME  XXVII. 


Allen,  S.  J.,  On  the  Range  and  Total  Ioni- 
zation of  the  a  Particle,  294. 

Alpha  Particle,  On  the  Range  and  ToU! 
Ionization    of    the,    5.    y.   AUen^ 

294. 

Andrews,  A.  P.,  The  Capacity  of  Paper 
Condensers  and  Telephone  Cables, 
with  a  Note  on  the  Determination 
of  the  Specific  Inductive  Capacity 
of  Dielectrics,  65. 

Aqueous  Solution,  The  Effect  of  Concen- 
tration and  Ionization  on  the  Rates 
of  Diffusion  of  Salts  in,  Raymond 
Haskell^  145. 

Arc,  The  Frequency  of  the  Singing,  G.  JV, 
Nasmythy  117. 

Axgon  and  Hydrogen  Spectra,  Capacity 
and  Current  Density  Effects  in  the, 
Charles  Shiard,  258. 


Bamett,  S.  J.,  An  Investigation  of  the 
Electric  Intensities  and  Electric  Dis- 
placement Produced  in  Insulators 
by  their  Motion  in  a  Magnetic 
Field,  425. 
Book  Reviews : 

Ionization  and  Electric  Convection  in 
Gases,  Amaduttij  144. 

Modem  Theory  of  Physical  Phenom- 
ena, Bight,  144. 

Study  of  Splashes,  Worthingtoftf  209. 

Technische  Mechanik,  Foppl,  223. 

Thermodynamics,  Bryan,  530. 
Boynton,   W.    P.,  The  Specific  Heats  of 
Gases  and  the  Partition  of  Energy, 

515. 
Bradley,  W.  P.,  Liquid  Above  the  Critical 

Temperature,  90. 
Brown,  F.  C,  The  Kinetic  Energy  of  the 

Positive    Ions     Emitted     by     Hot 

Platinum,  529. 


Brown,  S.  Leroy,  Distributed  Capacity 
in  Resistance  Boxes,  511. 

Browne,  A.  W.,  liquid  Above  the  Critical 
Temperature,  90. 

Buckingham,  E.,  [Review  of]  Bryan's 
Thermodynamics,  530. 

C. 

Cadmium  Cells,  Note  on  the  Reproduci- 
bility of,  P,  I.  Wold,  329. 

Calorimetry,  Thermometric  Lag  in,  Walter 
P,  While,  526. 

Capacity,  The,  of  Paper  Condensers  and 
Telephone  Cables,  with  a  Note  on 
the  Determination  of  the  Specific 
Inductive  Capacity  of  Dielectrics, 
Anthony  Zeleny  and  A.  P.  Andrews, 

65. 

Capacity,  Distributed,  in  Resistance  Boxes, 

S,  Leroy  Brown,  5 1 1. 
Carbon  Bisulphide,    Differential    Electric 

Double  Refraction  in,  C.  F,  Hage- 

now,  196. 
Cathode  Rays,  Effect  of  the,  in  Changing 

the  Colors  of  Certain  Minerals,  C 

C  Hutchim,  87. 
Channelled  Spectra,  A  Study  of  Dispersion 

in    Highly    Absorbing    Media   by 

Means  of,  S,  R,  Williams,  27. 
Chaiges,   On  the.   Gained    by   Insulated 

Metallic  Conductors  Surrounded  by 

other  Conductors  and  the  Relation  of 

these  Charges  to  the  Volta  Effect, 

J.  K.  Robertson,  400. 
Celluloid,  Optical  Properties  of  Collodion 

and,  A.  Trowbridge,  282. 
Collodion  and  Celluloid,  Optical  Properties 

of,  A.  Trowbridge,  282. 
Comstock,  D.  F.,  A  Second-Order  Force 

on  Moving  Molecules,  528. 
Comstock,  Daniel  F.,  The  Electromagnetic 

Momentum  of  a  General    Electric 

System,  523. 


Digitized  by 


Google 


No.  6.] 


INDEX  TO    VOLUME  XXVII. 


533 


Conductance,  On  the,  and  Fluidity  of  Fused 
Salts,  H,  M.  Goodwin  and  H.  T, 
Kalmus^  322. 

Gmdensers,  The  Capacity  of  Paper,  and 
Telephone  Cables,  with  a  Note  on 
the  Detennination  of  the  Specific 
Capacity  of  Dielectrics,  Anthony 
Zeleny  and  A,  P.  Andrews^  65. 

Critical  Temperature,  Liquid  Above  the, 
W,  P.  Bradley,  A.  W.  Browne  wadi 
a  F.  Bale,  90. 

Crystallization  of  Undercooled  Water,  Boris 
IVeinberg,  509. 

Current  Bearing  Matter,  Some  Physical 
Properties  of,  V.,  Refractive  Index, 
Paul  P.  Heyl,  502. 

D. 

Day,  W.  S.,  New  Groups  of  Residual  Rays 
in  the  Long- Wave  Spectrum,  225. 

Difiiision,  The  Effect  of  Concentration  and 
Ionization  on  the  Rates  of,  of  Salts 
in  Aqueous  Solution,  Raymond HaS'- 
kell,  145. 

Dispersion,  A  Study  of,  in  Highly  Absorb- 
ing Media  by  Means  of  Channeled 
Spectra,  51  P.  Willtams,  27. 

Dorsej,  Herbert  G. ,  Further  Measurements 
of  the  Coefficient  of  Linear  Expan- 
sion at  Low  Temperatures,  i. 

E. 

Electrification,  On  the  Supposed  Excess  of 
Negative,  Produced  by  Spraying, 
J.  C.  Pomeroy,  492. 

Electric  Displacement,  An  Investigation 
of  the  Electric  Intensities  and,  Pro- 
duced in  Insulators  by  their  Motion 
in  a  Magnetic  Field,  5.  J,  Bamett, 
425. 

Electric  Double  Refraction,  A  Comparative 
Investigation  of  Dispersion  and,  in 
Liquids,  II,  M.  McComb,  335. 

Electric  Double  Refraction,  Differential,  in 
Carbon  Bisulphide,  C  F»  Hagenow, 

196. 

Electric  Intensities,  An  Investigation  of 
the,  and  Electric  Displacement  Pro- 
duced in  Insulators  by  their  Motion 


in  a  Magnetic  Field,  S.  J.  Bamett, 
425. 

Electric  Wave  Vibrators,  A  Study  of,  and 
Receivers,  Harold  W,    Webb,  520. 

Electrical  Oscillator  of  the  Organ  Pipe 
Type,  Frederick  K.  Vreeland,  286. 

Electromagnetic  Momentum,  The,  of  a 
General  Electric  System,  Daniel  F, 
Comstock,  523. 

Erikson,  Henry  A.,  The  Ionization  of  Gases 
at  High  Pressures,  473. 

Expansion,  Further  Measurements  of  the 
Coefficient  of  Linear,  at  Low  Tem- 
peratures, Herbert  G,  Dorsey,  I. 

P. 

Fluidity,  On  the  Conductance  and,  of  Fused 

Salts,  H.  M.  Goodwin  and  H.   T, 

Kalmus,  322. 
Fluorescence,  The,  and  Magnetic  Rotation 

Spectra  of  Potassium  Vapor,  P,  W. 

Wood  and  T,  S.  Carter,  107. 
Frequency,  The,  of  the  Singing  Arc,  G, 

W.  Nasmyth,  117. 

G. 

Galvanometer,  A  Convenient  Form  of,  with 
Magnetic  Shielding.  E,  F,  Nichols 
and  S.  P.  Williams,  250. 

Goodwin,  H.  M.,  On  the  Conductance  and 
Fluidity  of  Fused  Salts,  322. 


Hagenow,  C.  F.,  Differential  Electric 
Double  Refraction  in  Carbon  Bi- 
sulphide, 196. 

Hale,  C.  F.,  Liquids  Above  the  Critical 
Temperature,  90. 

Hall  Effect,  III.,  The,  in  Silicon  at  Ordi- 
nary and  Low  Temperatures.  The 
Electrical  Properties  of  Silicon, 
Frances  G,  Wick,  76. 

Heyl,  Paul  R.,  Some  Physical  Properties 
of  Current  Bearing  Matter,  V.,  Re- 
fractive Index,  502. 

High  Temperatures,  The  Application  of 
the  Ionization  from  Hot  Bodies  to 
Thermometric  work  at,  O.  W,  Pick- 
ardson,  183. 


Digitized  by 


Google 


534 


INDEX  TO    VOLUME  XXVII. 


[Vol.  XXVII. 


Hulett,   C.   A.,    Equilibria    in    Standard 

Cells,  337. 
Hulett,  G.  A.,  A  Standard  Battery,  33. 
Hydrogen,   Effect  of  Absorbed,   and    of 

other  Gases  on  the  Photo-Electric 

Activity  of  Metals,  V  Z.  Chrisler, 

267. 
Hydrogen  Spectra,  Capacity  and  Current 

Density  Effects  in  the  Argon  and, 

Charles  Sheard^  258. 
Hutchins,  C.   C,  Effect  of  the  Cathode 

Rays  in  Changing  the   Colors  of 

Certain  Minerals,  87. 
Hyde,  E.  P.,  New  Photometric  Methods 

of  Studying  the  Radiating  Proper- 

ties  of  Various  Substances,  521. 

I. 

Ionization,  The,  of  Gases  at  High  Pres- 
sures, Henry  A,  ErikiOHy  473. 

Ionization  in  Closed  Vessels,  W.  W, 
Sirmg,  39. 

Ionization,  The  Application  of  the,  from 
Hot  Bodies  to  Thermometric  Work 
at;Hlgh  Temperatures,  O,  W,  Ruh- 
ardsoHf  183. 

Insulators,  An  Investigation  of  the  Electric 
Intensities  and  Electric  Displace- 
ment Produced  in,  by  their  Motion 
in  a  Magnetic  Field,  S,  J.  Bamett^ 

425. 

K. 

Kalmus,  H.  T.,  On  the  Conductance  and 
Fluidity  of  Fused  SalU,  322. 

L. 

Lewis,  Gilbert  N.,  Non-Newtonian  Me- 
chanics, 525. 

Luminescence,  Studies  in,  IX.,  The  Phe- 
nomena of  Phosphorescence  consid- 
ered from  the  Standpoint  of  the 
Dissociation  Theory,  Edward  L, 
Nichols  and  Ernest  Merritty  367. 

M. 

Magnetic  Rotation  Spectra,  The  Fluores- 
cence and,  of  Potassium  Vapor,  R, 
W.  Wood,  and  T,  S,   Carter,  107. 

McComb,  H.  A.,  A  Comparative  Investi- 
gation of  Dispersion  and  Electric 
Double  Refraction  in  Liquids,  335. 


Mechanics,  Non -Newtonian,  Gilbert  N. 
Lewist  525. 

Merritt,  Ernest,  Studies  in  Luminescence, 
IX.,  The  Phenomena  of  Phosphor- 
escence considered  from  the  Stand- 
point of  the  Dissociation  Theory, 

367. 
Molecules,    A    Second-Order    Force    on 
Moving,  D.  F,  Comstock,  528. 

N. 

Nasmyth,  G.  W.,  The  Frequency  of  the 
Singing  Arc,  117. 

Nichols,  Edward  L.,  Studies  in  Lumin- 
escence, IX.,  The  Phenomena  of 
Phosphorescence  considered  from 
the  Standpoint  of  the  Dissociation 
Theory,  367. 

Nichols,  E.  F.,  A  Convenient  Form  of  Gal- 
vanometer with  Magnetic  Shielding, 
250. 

Nichols,  E.  F.,  New  Groups  of  Residual 
Rays  in  the  Long- Wave  Spectrum, 
225. 

P. 

Phosphorescence,  IX.,  The  Phenomena  of, 
considered  from  the  Standpoint  of 
the  Dissociation  Theory.  Studies 
in  Luminescence,  Edward  L,  Nick" 
ols  and  Ernest  Merriii,  367. 

Phosphorescence,  Some  Studies  in  Short 
Duration,  C  W,  W<^goner,  209. 

Photo- Electric  Activity,  Effect  of  Absort)ed 
Hydrogen  and  of  Other  Gases  on 
the,  of  Metals,  F.  L,  ChrisUr,  267. 

Physical  Society,  Minutes,  335,  515. 
Abstracts,  336,  515. 

Partition  of  Energy,  The  Specific  Heats  of 
Gases  and  the,  IV,  P.  Boyntm,  515. 

Pegram,  George  B.,  Heat  Developed  in  a 
Mass  of  Thorium  Oxide,  due  to  its 
Radioactivity,  18. 

Pomeroy,  J.  C,  On  the  Supposed  Excess 
of  Negative  Electrification  Produced 
by  Spraying,  492- 

R. 

Radioactivity,  Heat  Developed  in  a  Mass 
of  Thorium  Oxide,  due  to  its,  George 
B.  Pegram  and  Harold  fV.  Webb, 
18. 


Digitized  by 


Google 


No.  6.] 


INDEX  TO    VOLUME  XXVII, 


535 


Receivers,  A  Study  of  Electric  Wave  Vi- 
brators and,  Harold  W.  Webb^  520. 

Residual  Rays,  New  Groups  of,  in  the 
Long- Wave  Spectrum,  E,  F,  Nick- 
oh  and  W.  S.  Day,  225. 

Resolving  Powers,  A  General  Formula  for 
Dispersive  and,  Z.  P.Sieg,  61. 

Richardson,  O.  W.,  The  Application  of  the 
Ionization  from  Hot  Bodies  to  Ther- 
mometric  Work  at  High  Tempera- 
tures, 183. 
The  Deduction  of  the  Concentration 
of  the  Free  Electrons  inside  a  Metal 
fifom  Phenomena  Conditioned  by 
their  Emission  under  the  Influence 
of  Heat,  528. 

Resistance  of  Silicon,  II.,  at  Various  Tem- 
peratures, Some  Electrical  Proper- 
ties of  Silicon,  Frances  G»  Wick, 
II. 

Robertson,  J.  K.,  On  the  Charges  Gained 
by  Insulated  Metallic  Conductors 
surrounded  by  other  Conductors  and 
the  Relation  of  these  Charges  to  the 
VolU  Effect,  400. 

8. 

Sieg,  L.  P.,  A  General  Formula  for  Dis- 
persive and  Resolving  Powers,  61. 

Silicon,  Some  Electrical  Properties  of,  II., 
The  Electrical  Resistance  of  Silicon 
at  Various  Temperatures,  Frances 
G.  Wick,  II. 

Silicon,  The  Electrical  Properties  of,  III., 
The  Hall  Effect  in  Silicon  at  Ordi- 
nary and  Low  Temperatures,  Fran- 
ces G,  Wick,  76. 

Silicon,  Some  Electrical  Properties  of,  IV., 
The  Electromotive  Force  of  Cells  in 
which  Silicon  Forms  One  Electrode, 
Frances  G.  Wick,  238. 

Specific  Heats,  The,  of  Gases  and  the  Par- 
tition of  Energy,  W,  P,  Boynton, 
515. 

Specific  Inductive  Capacity,  The  Capacity 
of  Paper  Condensers  and  Telephone 
Cables,  with  a  Note  on  the  Deter- 
mination of  the,  of  Dielectrics,  An- 
thony ZeUny  and  A,  P,  Andrews, 
65. 


Spraying,  On  the  Supposed  Excess  of 
Negative  Electrification  Produced 
by,  J.  C.  Pomeroy,  492. 

Standard  Battery,  A,  G,  A,  Hulett,  33. 

Standard  Cells,  Equilibria  in,  G,  A,  HuUtt, 
337. 

Strong,  W.  W.,  Ionization  in  Qosed  Ves- 
sels, 39. 

T. 

Telephone  Cables,  The  Capacity  of  Paper 
Condensers  and,  with  a  Note  on 
the  Determination  of  the  Specific 
Inductive  Capacity  of  Dielectrics, 
Anthony  Zeleny  and  A,  P.  Andrews, 
65. 

Temperature,  A  Galvanometer  Scale  for 
the  Direct  Reading  of,  with  Thermo- 
Electric  Couples,  A,  Zeleny,  141. 

Thermometric  Lag  in  Calorimetry,  Walter 
P.  White,  526. 

Thorium  Oxide,  Heat  Developed  in  a  Mass 
of,  due  to  its  Radioactivity,  George 
B.  Pegram  and  Harold  W,  Webb, 
18. 

Trowbridge,  A.,  Optical  Properties  of  Col- 
lodion and  Celluloid,  282. 


Undercooled  Water,  The  Crystallization  of, 
Boris  Weinberg,  509. 

V. 

Vreeland,  Frederick  K.,  A  Sine- Wave 
Electrical  Oscillator  of  the  Organ 
Pipe  Type,  286. 

Waggoner,  Chan.  W.,   Some  Studies  in 

Short    Duration    Phosphorescence, 

209. 
Webb,  Harold  W.,  Heat  Developed   in  a 

Mass  of  Thorium  Oxide,  due  to  its 

Radioactivity,  18. 
A  Study  of  Electric  Wave  Vibrators 

and  Receivers,  520. 
Weinbeig,   Boris,   The  Crystallization    of 

Undercooled  Water,  509. 
White,  Walter  P.,  Thermometric  Lag  in 

Calorimetry,  526. 


Digitized  by 


Google 


536 


INDEX  TO    VOLUME  XXVIL 


[Vol.  XXVIl. 


Wick,  Frances  G.,  Some  Electrical  Ph>p. 
erties  of  Silicon,  II.,  The  Electrical 
Resistance  of  Silicon  at  Various 
Temperatures,  1 1. 
The  Electrical  Properties  of  Silicon, 
III.,  The  Hall  Effect  in  Silicon  at 
Ordinary  and  Low  Temperatures, 
76. 
Some  Electrical  IVoperties  of  Silicon, 
IV.,  The  Electromotive  Force  of 
Cells  in  which  Silicon  Forms  One 
Electrode,  238. 

Williams,  S.  R.,  A  Study  of  Dispersion  in 
Highly  Absorbing  Media  by  Means 
of  Channelled  Spectra,  27. 


A  ConTenient  Form  of  GalTanometer 
with  Magnetic  Shielding,  25a 
Wold,  P.  I.,  Note  on  the  Reproducibility 
of  Cadmium  Cells,  329. 


Zeleny,  Anthony,  A  Galvanometer  Scale 
for  the  Direct  Reading  of  Tempera- 
tures with  Thermo-Electric  Couples, 
141. 
The  Capacity  of  Paper  Condensers 
and  Telephone  Cables,  with  a  Note 
on  the  Determination  of  the  Specific 
Inductive  Capacity  of  Dielectrics, 

65. 


Digitized  by 


Google 


Digitized  by 


Google 


Digitized  by 


Google 


Digitized  by 


Google 


Digitized  by 


Google 


